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D URING 1950 the Petroleum Branch of AIME continued its steps toward relative autonomy begun in 
1944, at the same time confirming and strengthening those ties of professional fellowship by which AIME 
now balances the functional interests and scope of our Branch with those of the Mining and Metals Branches. 
As a result of consistent gains in Petroleum Branch membership each month, our active membership, includ- 
ing students, grew to 4,969 members, or 23 per cent of the Institute total. ; 

Further evidence of continued progress was provided by formation of two new and important petroleum 

groups; namely, the Wyoming Petroleum Chapter in Casper and the San Antonio-Austin Sub-section of the 
Southwest Texas Section. Since “oil is where you find it” and oil men follow the discoveries, this formation 
of active AIME groups, whatever we may call them organizationally, is one of the best symptoms of mem- 
bership participation and interest. It points the way to further gains through more flexible organization of 
Branch membership compared with the old method of local sections embracing all divisions. 

Paralleling the new Branch-Institute understanding and acceptance, we saw the JOURNAL oF PETROLEUM 
TecHNOLOGY rapidly developing new and broader values. In format, in technical material, in advertising 
material and in revenue it surpassed former issues and we have only seen the beginning. Enthusiasm stirred 
by prompt publication of timely technical papers has proved stimulating to other authors, with the result that 
these transactions continue their trend toward increased variety and number of excellent papers. With this 

3 support the Technology Committee, Program Chairmen and Publications Committee have provided forty 
technical papers published in JouRNAL oF PETROLEUM TECHNOLOGY during 1950 and ten technical notes 
for binding in Volume 189 of our Transactions. 

As it must be, financial accountability is now vested in the Branch, maintaining however, justifiable 
and proper support of the Institute, comparable with the Metals and Mining Branches. Your officers have 
~ stayed within the budget, even though its evolutionary state has caused some difficulties. There is no reason 

why all the Branches as well as the Institute as a whole should not set up satisfactory budget control 
during the coming year, thus eliminating many of the awkward problems of the past. 

Although the Branch Certificate of Service was not awarded during 1950, the Charles F. Rand Medal 

was awarded posthumously in 1949 to Mr. Harry C. Weiss, president of Humble Oil and Refining Company. 

- Departing from traditional reluctance to engage in any public statement or expression beyond téch- 

nology, members of the Petroleum Branch have—despite considerable warm discussion—taken a firm stand, - 
s apparently accepted by membership at large, for speaking out on larger issues of social, economic and 
: political affairs. This acceptance of responsibilities above and beyond technological ones is encouraging 
evidence of a new concern with “outside” affairs. ; 

Although war possibilities and eventualities may seriously affect the training and indoctrination of 
young Engineers and Geologists into our membership, every effort will be made during 1951 to renew the 
means and application of earliest contact with students, student associates and younger Engineers in intro- 
ducing them personally, technically, and socially into the Petroleum Branch. 

According to consensus, the annual meetings of the Branch held last fall in New Orleans and Los 
Angeles were unsurpassed. Under the aggressive leadership of John E. Sherborne, ably supported by our 
new secretary, Joe B. Alford, and his assistant, Jess E. Adkins, the Branch has more than fulfilled the 
expectations of the Executive Committee in building a constantly improved organization. 

The unexpected death of Charles B. Carpenter in the spring of the year was a blow to the Branch and 
all of its members. Remembering his years of service and loyal support of the Branch, your officers for 1951 


will strive to achieve as he would have, the full measure of progress and satisfaction for the membership. 


R. W. Frencu, Chairman 
: Petroleum Branch, 1951 
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PHASE EQUILIBRIA IN HYDROCARBON -WATER SYSTEMS 


The Solubility of Ethane in Water at Pressures to 1200 Pounds Per Square Inch 


O. L. CULBERSON, THE UNIVERSITY OF TEXAS, AUSTIN, ALBERT B. HORN, ETHYL CORP., BATON ROUGE, 


LOUISIANA, AND J. J. McKETTA, JR., THE UNIVERSITY OF TEXAS, AUSTIN, MEMBER AIME 


ABSTRACT 
Since water is present in natural gas 
and petroleum reservoirs, it is of engi- 
neering value to have accurate experi- 
_mental data regarding the behavior of 
water in hydro-carbon systems. Since 
experimental data of this nature are so 
scarce in literature, a program is under 
way at the University of Texas to obtain 
experimental data regarding the dis- 
tribution of water in petroleum hydro- 
carbons. 


This initial paper is subdivided into 
three parts: 


A. The apparatus and analytical pro- 
; cedure are discussed. 


B. The equipment has been checked 

by comparing the experimental 

ae data with data of literature on the 
4 solubility of methane in water at 
77°F and pressures to 10,000 psia. 


» CC. Experimental data are presented 
va at 100, 160, 220, 280, and 340°F 
BS on the solubility of ethane in 

water at pressures to 1200 psia. 
_- As the temperature is increased 
: the solubility of ethane in water 
___ first exhibits a minimum and then 
a maximum solubility. The range 
of applicability of Henry’s Law is 
discussed. 


INTRODUCTION 
Although considerable experimental 
data have been published on water- 
hydrocarbon systems in the hydrate re- 
gion, the information on these systems 
in the vapor-liquid and the vapor-liquid- 


1References are given at end of paper. 
_. Manuscript received at the office of the Petro- 
_ leum Branch August 31, 1949. 


liquid regions at elevated pressures is 
extremely scarce. A survey of the litera- 
ture on hydrocarbon-water systems at 
elevated pressures was presented by 
McKetta and Katz”*™ showing the sys- 
tems and phases investigated. In addi- 
tion to these existing published data, 
Poettman and Dean” have reported the 
water content of propane in the three- 
phase region (only the propane-rich 
liquid and the vapor phases were stud- 
ied) and Michels, et al.”* have reported 
the solubility of methane in water at 
pressures to 6800 pounds per square 
inch at 77°F and at pressures to 1500 
psia at temperatures to 300°F. 


12,14 


It has been shown” that the pres- 
ence of water will materially affect the 
phase equilibrium of hydrocarbon sys- 
tems. In order to make experimental 
studies on the quantitative effect of the 


‘presence of water in naturally-occurring 


hydrocarbon systems, it is desirable to 
have data available on binary hydro- 
carbon-water systems. 


A program is underway at this lab- 
oratory to determine the phase relations 
of the hydrocarbon-water systems. Ini- 
tially the investigation will be limited 
to binary systems with water as one of 
the components. Later ternary and com- 
plex systems will be investigated and 
reported. 


EQUIPMENT AND 
ANALYTICAL PROCEDURE 


Apparatus 


In order to avoid a description of the 
methods employed in each subsequent 
paper, a description of the apparatus 
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and the analytical procedure will be 
given here. The apparatus is shown 
schematically in Fig. 1. The numbered 
items in Fig. 1 represent the high pres- 
sure valves. 


The equilibrium cell is of the totally 
enclosed type, with a volume of 550 
cubic centimeters. The cell is mounted 
in an air bath which in turn is mounted 
on pillow blocks and connected to a 
rocking mechanism so that the cell and 
bath will oscillate approximately 30 de- 
grees above and below the horizontal 
at 35 oscillations per minute. 


The air bath is heated by two re- 
sistance heaters. The first or primary 
heater is 250 watts and is controlled by 
a thermoregulator; the second heater 
is of 500-watt size and is manually con- 
trolled to aid in bringing the cell to 
equilibrium temperature. Air circula- 
tion in the bath is accomplished by 
means of a fan, the shaft of which is 
concentric to the heaters. The walls of 
the bath are insulated with 2-in. thick 
blocks of 85 per cent magnesia. Tem- 
perature observations are made with 
three calibrated thermocouples. One 
couple is sealed in a well provided with- 
in the equilibrium cell, and is used as 
the criterion of the cell being at the 
equilibrium temperature. The other two 
thermocouples are located on opposite 
sides of the cell to indicate tempera- 
ture uniformity within the air bath. The 
thermoregulator, used in conjunction 
with a relay, gives a variation in the 
temperature of the air in the bath of 
plus or minus one degree Fahrenheit. 
However, since the equilibrium cell 
weighs approximately 55 pounds, the 
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temperature sine curve which exists in 
the bath is so dampened by the cell 
that-no temperature fluctuations in the 
cell can be detected with the semi-pre- 
cision type potentiometer used. 

The tubing used in the equipment is 
18-8 stainless tubing with an outside di- 
ameter of 14 in. and an inside diam- 
eter of 3/32 in. Valves and tees are of 
the super-pressure type. 


Three pressure gauges are connected 
to the equilibrium cell to determine the 
pressure conditions within the cell. 
These gauges (Ashcroft Duragauge) 
have 12-in. dials and are of the pressure 
ranges 0-1000, 0-5000 and 0-10,000 psia. 
Only one gauge is used at one time 
depending upon the pressure within the 
equilibrium cell. These gauges are calli- 
brated at intervals with a dead weight 
gauge and at no time have these gauges 
deviated from the preceding calibra- 
tions. 


A stainless steel bomb of 365 cubic 
centimeters capacity is used as the water 
surge and a low carbon steel bomb of 
710 cubic centimeters capacity is used 
as the hydrocarbon surge bomb. Each 
surge bomb is equipped with a pressure 
gauge to indicate the pressure within 
the bombs. Within the system, material 
is pumped to the desired places by 
means of a converted 20-ton hydraulic 
jack of the Walker type. The fluid used 
in the pump is additive-free heavy min- 
eral oil which is pumped to a mercury- 
oil surge where the oil displaces mer- 
cury into the system. The mercury-oil 
surge is equipped with an electric con- 
tact mechanism which causes a bell to 
ring when the mercury interface is with- 
in three inches of the bottom of the 
mercury-oil surge bomb. There is no 
indication that the oil is leaking with 
the mercury from the bottom of the 
mercury-oil surge. 


In making a solubility determination, 
the cell is first charged with the hydro- 
carbon vapor to a pressure about one- 
half of that desired for the equilibrium 
pressure. Water is then pumped into 
the cell from the liquid surge until the 
pressure is approximately the equilib- 
rium pressure. The liquid volume is 
then approximately one-half of the to- 
tal volume of the equilibrium cell. All 
tubing leading to the cell is then 
pumped full of mercury. The heaters 
are turned on and the rocking mechan- 
ism is started. After the contents of the 
cell reach the desired temperature, the 


oscillations are continued for a mini- 
mum of three hours. Some preliminary 
time - concentration experiments indi- 
cated that less than one hour of oscil- 
lation is required to attain equilibrium 
within the cell. 


At the end of three hours of rocking, 
the cell is placed in a vertical position 
and the liquid portion of the cell is 
sampled and analyzed. Valves (8) and 
(10) are opened slowly until all of the 
mercury is removed from the tubing. 
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At the same time, mercury is pumped 
into the cell to maintain the equilibrium 
pressure. As soon as all of the mercury 
is removed from the tubing, valve (10) 
is closed and valve (9), which leads 
to the analytical train, is opened. 


Analytical Procedure 

The analytical train is shown in Fig. 
2 and is composed of a trap for col- 
lecting the liquid water, three drying 
tubes containing magnesium perchlorate 
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to collect water vapor leaving the trap, 
and a receiving flask in which the dry 
hydrocarbon vapor is collected over 
mercury. A manometer and thermom- 
eter are also part of the train. 


Before the train receives the sample, 


the water trap and drying tubes are 
weighed on an analytical balance while 
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FIG. 3—SOLUBILITY OF METHANE IN WATER 
AT 77°F AT PRESSURES TO 10,000 PSIA 
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they are filled with hydrocarbon vapor 
at a known temperature and pressure. 
The receiving flask is filled with mer- 
cury up to the three-way stopcock. The 
train is then reassembled and connected 
to the equilibrium apparatus. It may 
be added here that it was necessary 
initially to pass considerable predried 
pure hydrocarbon through the drying 
tubes until they attained a constant 
weight. This indicated that some hydro- 
carbon vapor was adsorbed by the dry- 
ing agent. 

The sample is passed from the equi- 
librium cell through valve (9) to the 
train and at the same time mercury is 
pumped into the cell to maintain the 
equilibrium pressure. As the sample 
passes valve (9), it flashes to atmos- 
pheric pressure and this pressure reduc- 
tion causes most of the hydrocarbon 
vapor to flash out of solution. The 
water, saturated with hydrocarbon va- 
por at this low pressure, is collected in 
the trap and the wet gas passes through 
to the drying tubes, and from there the 
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dry gas passes to the receiving flask. By 
gradually removing some mercury from 
the receiving flask, the pressure in the 
train is maintained at the predeter- 
mined near-atmospheric pressure. When 
the trap is filled (approximately 50 cc 
of the water-rich liquid) the sampling 
is stopped. The analytical train is then 
brought to the initial temperature and 
pressure conditions. 


The weight of the vapor hydrocarbon 
in the sample is that weight which 
would occupy a volume at the train 
pressure and temperature equal to that 
of the volume of the mercury displaced 
from the receiving flask less the vol- 
ume of the water-rich liquid which en- 
tered the train. The total weight of the 
hydrocarbon is the weight of the vapor 
hydrocarbon plus the weight of the hy- 
drocarbon remaining in solution in the 
water-rich liquid in the trap. This lat- 
ter weight of hydrocarbon can be cal- 
culated from the solubility data of 
Winkler” at atmospheric pressure. The 
weight of the water in the sample is 
the weight of the water in the trap 
plus the water-gain of the drying tubes. 


Accuracy 

The weighings are made on an ana- 
lytical balance with perfect tares using 
weights which were calibrated against 
the National Bureau of Standards 
weights. The temperature of the mate- 
rial within the cell is determined with 
a calibrated thermocouple and no fluc- 
tuation of the temperature is indicated 
with a semi-precision potentiometer. 
The pressures are read from the cali- 
brated bourdon gauges and it is be- 
lieved that the pressures are within the 
following accuracy on the individual 
gauges: Below 1000 psia, +3 psia; be- 
tween 1000 and 5000 psia, 10 psia 
and between 5000 and 10,000 psia, == 20 
psia. 


SOLUBILITY OF METHANE 
IN WATER AT 77°F AND 
PRESSURES TO 10,000 PSIA 

In order to check the apparatus, op- 
erating procedure and analytical tech- 
nique it was decided to determine the 
solubility of methane in water at 77°F, 
since these data have been reported by 
Michels, et al. for pressures to 6800 
psia and by Hogan’ and Frolich, et al.’ 
for pressures to 2060 psia. 
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The data obtained in this investiga- 
tion are shown in Table I along with 
the data of the investigators mentioned 
above. The data of Hogan are included 
in the paper of Frolich et al. These data 
of Table I are shown graphically in 
Fig. 3 and it may be seen in this 
figure that there is substantial agree- 
ment in all three investigations. The 
data of this investigation lie between 
those of Frolich and Michels. Hogan 
indicates in his thesis that he was inter- 
ested in practical results and also states 
that he made no attempt to obtain pre- 
cise data. Therefore little concern arises 
from the deviation of the data obtained 
in this investigation from those data of 
Hogan. Michels and his coworkers ob- 
tained their results by using a method 
which they class as a “synthetic” one. 
The liquid is brought into contact with 
the gas, shaken until equilibrium has 
been attained and calculating the amount 
of gas dissolved by noting the decrease 
in pressure. The method of calculating 
the solubility was that suggested by 


Table I 


Solubility of Methane in Water at 77°F (25°C) 
(Moles Methane Per Mole Water) 


. Temp. Pressure 
Pressure This Investigation ws psia 
psia Experimental Smoothed Michels” Frolich’ 
296 0.000665 ie = 
100 110 
525. 0.000770 ~—-0.000750 100 200 
589 0.000825 0.00081 0.000887 100 340 
666 0.000910 0.00090 100 568 
8380 0.00112 0.00118 100 767 
1000 0.00110 0.00123 100 1080 
1175 0.00139 0.00148 160 113 
1180 0.00140 0.00128 ie3 ci 
1450 (0.00180 0.00162 160 512 
1465 0.00163 0.00192 160 785 
1623 0.00175 0.00158 160 1215 
1845 0.00202 0.00191 220 123 
1930 0.00227 ~—0.00198 Si ae 
2115 0.00210 0.00187 999 548 
2060 0.00206 0.00244 220 752 
2535 —«0..00231 0.00235 220 1120 
2560 0.00237 0.00210 280 113 
2970 0.00260 0.00229 se mn 
3615 0.00288 0.00293 280 = 
4435 0.00328 0.00325 280 795 
4800 0.00337 0.00269 280 1215 
6342 0.00407 0.00380 340 226 
6800 0.00391 0.00298 be che 
7935 ——-0.00391 0.00412 340 oa5 
9680 0.00451 0.00434 


Krichevsky and Kasarnovsky’. Since 
Michels and his co-workers started at 
a low pressure, attained equilibrium, 
calculated the solubility, added more 
gas to attain a higher pressure, again 
attained equilibrium and again calcu- 
lated the solubility at the new pressure, 
it seems very likely that any error re- 
sulting from the original set of equa- 
tions’ because of the assumptions made 
for low pressure conditions would be 
cumulative. Therefore it is not at all 
surprising that there is over 20 per cent 
deviation of Michels data when com- 
pared to the data of this investigation. 
It is remarkable, however, that the data 
agree as well as they do, especially at 
these concentrations. 


SOLUBILITY OF ETHANE 
IN WATER 
There are no data in the literature on 
the solubility of ethane in water at ele- 
vated pressures. The data of Winkler” 
are universally accepted as being accu- 
rate; however, these data, while at va- 
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rious temperatures, are only for atmos- 
pheric pressure. 
The work reported here consists of 


an experimental investigation of the. 


water-rich liquid phase of the ethane- 
water system at 100, 160, 220, 280, and 
340°F and pressures to 1200 pounds per 
square inch absolute (psia). Since the 
lowest temperature of this investigation 
is above the critical temperature of 
ethane and above the hydrate forming 
temperatures at these pressures, only 
two phases were present at any time 
during this investigation. 


Experimental Results 

Upon investigation of the compressi- 
bility factors for ethane, it is readily 
seen that ethane departs from ideality 
at pressures lower than 1200 psia.’ 
This, coupled with the fact that water 
is a highly polar compound, indicated 
that the system would depart from 
ideality and would deviate considerably 
from Henry’s law.** 

The experimental data obtained in 
this investigation are given in Table II. 


Table II 
Solubility of Ethane in Water 
Mole Fraction Ethanex 10‘ Per Cent 
Experimental Smoothed Deviation 

0.893 0.930 +4.15 
2.04 1.730 —5.20 
Seliti af ul 0.00 
DeZk 5.00 —4,01 
6.47 6.39 —1.23 
7.09 7.20 ote L255 
8.01 8.01 0.00 
0.812 0.850 +4.69 
1.54 1.54 0.00 
3.09 2.55 —17.55 
4.17 4.2] +0.96 
5.70 5.64 —1.05 
6.79 6.79 0.00 
0.698 0.750 +7.45 
1.30 1.47 +13.1 
2.56 2.42 5.47 
3.91 3.91 0.00 
9.60 5.20 + TLS 
6.61 6.70. +1.36 
0.475 0.530 +25.00-- 
1.58 1.56 —1.27 
2.72 Ze 0.00 
4.64 4.64 0.00 
6.00 6.10 sraleOw 
8.65 8.65 0.00 
1.40 1.42 +1.43 
2.61 DAs) +5.36 
5.03 4.90 2.58 
6.71 6.82 +1.64 
9.70 9.70 ~ 0.00 
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Fig. 4 shows the effect of pressure 
on the solubility of ethane at 100, 169, 
220, 280, and 340°F, and plotted as 
mole fraction of ethane versus total 
pressure of the system. Since ethane 
exhibits a minimum and maximum solu- 
bility in water at the temperatures and 
pressure covered by this investigation, 
it is difficult to visualize the trend of 
solubility from Fig. 4. For this reason 
these data are cross-plotted in Fig. 5 


MOL FRACTION ETHANE x 104 


TEMPERATURE, ’E. 


FIG. 5 — SOLUBILITY OF ETHANE IN WATER 
EXHIBITING MINIMUM SOLUBILITY 


which shows the effect of temperature 
on the solubility of ethane in water 
and clearly indicates the minimum and 
maximum trends. The data for Fig. 5 
were obtained by interpolating values 
from the smoothed curves of Fig. 4. 
The minimum and maximum in solu- 
bility illustrated here is not uncommon; 
these phenomena have been reported in 
various systems’”****** and have been 
explained by Winkler” and Kuenen” as 
a neutralization effect of the opposing 
factors of viscosity and the thermal 
expansion of the liquid. Winkler showed 
that the solubility of a gas in water is 
zero at a total pressure equal to the 
vapor pressure of water. 


Fig. 6 shows the solubility of ethane 
in water, plotted as volume of ethane 
per unit volume of water, both compo- 
nents referred to 32°F and a pressure 
of 760 mmHg”. Fig. 6 demonstrates 
the range of applicability of Henry’s 
law to this system. It is seen that tem- 
perature has considerable effect on the 
maximum pressure to which Henry’s 
law may be applied. The maximum 
pressure at which Henry’s law would 
apply for the various isotherms is as 
follows: 100°F, 300 psia; 160°F, 600 
psia; 280°F, 600 psia; 280°F, 400 psia; 
340°F, 400 psia. The relatively high 
pressure at which Henry’s law is applic- 
able for the 160 and 220°F isotherms 
can possibly be explained as the effect 
of the factors previously mentioned; 
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viscosity and thermal expansion of the 
liquid. Above 220°F the maximum 
pressure limit for the application of 
Henry’s law is seen to decrease. This 
agrees in part with the data of Mc- 
Ketta and Katz"; however, the effect 
of temperature in their system was not 
so marked as in this investigation. 


Fig. 7 is a comparison of the data 
of this investigation with similar sys- 
tems at 100°F*"”. The data of Frolich® 
are for the solubility of methane in 
water at 77°F, and are included here 
rather than the data of Michels”, al- 
though the latter data are available at 
100°F, because only two. (of Michel’s) 
experimental points fell within the 
range of this investigation. 


It is interesting to note that the solu- 
bilities of the hydrocarbons tend to 
converge at a pressure of 200 psia. The 
solubility of methane-n-butane™, how- 
ever, is essentially the same as that of 
methane in water’. It is also interesting 
to note that the solubility of hydrogen 
in water is in the same order of magni- 
tude. 


Although the data presented here 
are expressed in terms of mole fraction 
ethane, there is no essential difference 
between mole fraction and mole ratio 
for the data determined in this investi- 
gation. This is due to the fact that the 
difference between mole ratio and mole 
fraction for this low solubility lies out- 
side the accuracy of the data. 


Materials 


The methane used in this investiga- 
tion was donated by the Phillips Petro- 
leum Co. and has a purity of 99.0 mole 
per cent minimum. No attempt was 
made to purify the methane further. 


The ethane was also donated by ihe 
Phillips Petroleum Co. and was certi- 
fied by the National Bureau of Stan- 
dards to have a minimum purity of 
99.99 mole per cent. 


The water used in this work was ob- 
tained from the distilled water supply 


of the chemical engineering depart- 


ment. This distilled water was boiled 
to remove dissolved air from solution. 
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LAKEVIEW POOL, MIDWAY-SUNSET FIELD 


W. P. SIMS AND W. G. FRAILING, STANDARD OIL CO. OF CALIFORNIA, TAFT, CALIFORNIA 


ABSTRACT 


The Lakeview Pool of Kern County, 
California, was discovered in 1910 with 
the drilling of Lakeview No. 1 which 
blew out and produced an estimated 
8,250,000 bbl of oil in 544 days of un- 
controlled flow. The well has since been 
known as the Lakeview Gusher. Full 
exploitation of the pool did not take 
place until about 25 years later. A total 
of 112 producing wells were completed 
in the Lakeview sand through April 30, 
1949. As of that date, about 30 per cent 
of the total wells drilled were still pro- 
ducing, with an average pool produc- 
tion rate of approximately 2000 bbl per 
day. The cumulative oil production was 
about 41 million bbl of oil, or 55.3 per 
cent of the tank oil originally in place. 


The pool is bordered on its down- 
structure side by a body of inactive 
edgewater and water production where 
present has been principally the result 
of coning. 


Since the depletion of the greater 
portion of the gas energy by the Lake- 
view Gusher, the pool has operated un- 
der gravity drive. Relatively high angle 
dips, good permeabilities and favorable 
fluid characteristics have made gravity 
drainage particularly effective. Since 
January, 1942, the oil recovery has 
been relatively constant at about 53,000 
bbl per ft drop in fluid level. Corre- 


lations between the volume of reservoir 


space drained and the cumulative oil 
produced indicate that an ultimate re- 


covery of 63.3 per cent of the tank oil 


originally in place is attainable. 


INTRODUCTION 


The Lakeview Pool is an outstanding 


example of gravity drainage. It is one 


of many productive reservoirs of the 
Midway-Sunset Field, and is located in 


Kern County, approximately five miles. 


southeast of Taft and two miles north 
of Maricopa, California. Its position rel- 


1 References are given at end of paper. 

Manuscript received at the office of the 
Petroleum Branch September 10, 1949. Paper 
presented at the Petroleum Branch meeting 
in Los Angeles, October 20-21, 1949. 
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ative to surrounding pools and to the 
Thirty-Five anticline is shown on Fig. 1. 
The northern portion of the pool lies 
in sections 32 and 33, Township 32 
South, Range 24 East, Mt. Diablo Base 
and Meridian, while the southern por- 
tion lies in sections 25, 26, 35 and 36, 
Township 12 North, Range 24 West, 
San Bernardino Base and Meridian. 
As no two sections bear the same num- 
ber, they will hereafter be referred to 
by section number alone. 


The purpose of this paper is to re- 
view the performance of the Lakeview 
Pool in an effort to evaluate the effec- 
tiveness of gravity drive as a recovery 
mechanism. 


REGIONAL STRATIGRAPHY 
AND STRUCTURE 


The oustanding structural feature in, 
this area is the Thirty-Five anticline, 
the axis of which plunges South 75° 
East through the center of Section 35. 
As shown on Fig. 2, the following zones 
are oil and gas bearing in the Thirty- 
Five anticline area: 

Pleistocene 

Basal Tulare 
Tar Sands. 
Pliocene 
San Joaquin 
Mya Sands 
Top Oil or Scalez Zone 
Etchegoin 
Kinsey Sand 
Wilhelm Zone 
Gusher Sand 
Calitroleum Sand 
Miocene 
Reef Ridge 
Lakeview Sand 
Sub-Lakeview Miocene Sands 
Monarch Sands or fractured 
shale equivalent 
Maricopa 
Webster Sand or fractured shale 
equivalent 
Fractured Shale-Uvigerina 
Zone C 
Obispo Sand and fractured shale 
equivalent 
Pacific Shale Zone 
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The productive interval of the Lakeview 
Pool is limited to Upper Miocene and 
Lower Pliocene deposition. In this gen- 
eral area, the most prevalent type of 
accumulation results from stratigraphic 
traps or permeability pinchouts. As is 
the case of the Lakeview Pool, strati- 
graphic traps resulting from angular 
unconformities are present. The struc- 
ture within the Miocene does not paral- 
lel that of the Etchegoin (Pliocene), 
as the Miocene beds were folded, and 
in places faulted, and subjected to 
erosion prior to Pliocene deposition. 

The Lakeview horizon consists of 
truncated sands which occur on the 
northeast flank of the Thirty-Five anti- 
cline. The direction of strike is west 
and northwesterly through sections 25 
and 36 and continues northwesterly 
through sections 26 and 33, to the ap- 
proximate center of section 32. At this 
point the strike swings to the northeast 
and the horizon re-enters section 33, 
in the northwest corner. The change in 
strike in section 32 affords synclinal 
accumulation at that point. The Lake- 
view sand is truncated updip by the 
Etchegoin overlap. To the southeast, 
the sand shales out, while to the north- 
west, the productive interval appears 
to be limited by a combination of strat- 
igraphic pinchout and _ permeability 
barrier. 

Structurally, the Lakeview reservoir 
presents three areas of interest, as 
shown on Fig. 3. Area I in section 32 
is a region in which a productive Sub- 
Lakeview Miocene sand is present. It 
occurs from 10 feet to 30 feet below 
the base of the Lakeview sand and at- 
tains a maximum thickness of 25 feet in 
Well No. 21, section 32. The producing 
characteristics of the Sub-Lakeview 
Miocene sand differ radically from those 
of the Lakeview sand. Water produc- 
tion at high structural locations and 
abnormally high fluid levels indicate 
that there was no communication with 
the Lakeview sand. Wells in Area I 
penetrated this sand and produced it 
in conjunction with the Lakeview sand. 

In Area II, the Lakeview sand is a 
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relatively continuous Miocene sand 
body unconformably overlain by Etche- 
goin (Pliocene) sediments. It is over- 
lapped apparently 
shales out downstructure, although 
downstructure production is limited by 


an inactive edgewater. 


upstructure and 


In Area III, the Lakeview sand is 
broken into two fingers by an inter- 
mediate Miocene shale body. In addi- 
tion, a productive Etchegoin sand, the 
Calitroleum, overlies the Miocene Lake- 
view sand, being separated from it by 
an intermediate Etchegoin shale. This 
structural relationship is shown in Fig. 
4. In this area all wells exposed to the 
Lakeview sand also include the Calitro- 
leum sand. The Calitroleum sand lenses 
out along the west boundary of this 
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third area as a result of an unconform- 
ity at the top of the Lakeview sand. 
Downstructure production is limited by 
inactive edgewater in both the Lake- 
view and Calitroleum sands. To the 
east these sands feather into shales. 
Due to the similar production charac- 
teristics of both the Calitroleum and 
Lakeview sand fingers, these productive 
sands, for the purpose of this report, 
have been designated as Lakeview sand 
and will hereafter be referred io as ihe 
first, second and third fingers of Lake- 
view sand. 


Fig. 5 is a subsurface structure map 
contoured on the top of the Lakeview 
sand. The productive limits of the pool 
are delineated by a_line of zero net 
productive sand thickness. The change 
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in strike direction in section 32 is ac- 
companied by a change in dip. The dip 
varies from 7.3° along the synclinal axis 
in section 32 to a maximum of 31.0° in 
section 33. An average of individual 
dips at 250’ intervals along strike is 
24°. 


DEVELOPMENT 


The discovery well, Lakeview No. 1, 
section 25, generally known as the Lake- 
view Gusher, was spudded by the Lake- 
view Oil Company on January 1, 1909. 
At a depth of 1655 ft, the well was 
acquired by the Union Oil Company 
through purchase of the controlling 
stock of the Lakeview Oil Company. 
Drilling was then continued to 2225 
ft where the Lakeview sand was en- 
countered.’ The well blew in on March 
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15, 1910, and flowed uncontrolled for 
544 days until September 9, 1911, at 
which time it died, apparently due io 
bottom hole caving. It was estimated 
that at its peak blow, the Lakeview 
Gusher produced in excess of 68,000 
bbl of oil per day, and it was conserva- 
tively estimated that the total produc- 
tion approximated eight and one-quar- 
ter million barrels. At that time exist- 
ing storage and shipping facilities in 
the Midway-Maricopa area were entirely 
inadequate to handle this uncontrolled 
production. As a result, twenty sumps 
or earthen reservoirs were built, cover- 
ing an area of sixty acres and having 
a capacity of approximately seven mil- 
lion barrels. Remnants of the levees can 
be seen today, the largest of which is 
located approximately one and one-half 
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miles from the well location. It was 
reported that the oil produced during 
the uncontrolled flow had a temperature 
of 92°F and tested 21.2° Baumé grav- 
ity at 60°F. The gravity dropped io 
18.5° Bé after standing in open reser- 
voirs for seven days and io 17.5° Bé 
after standing for one year. Based upon 
subsequent gravity determinations, it 
appears that the accuracy of the above 
gravities is questionable. In addition 
to possibly two hundred and fifty thou- 
sand barrels which disappeared through 
cracks in five of the earthen reservoirs, 
the loss of approximately three and one- 
half million barrels of oil is attributed 
to evaporation and seepage. Subse- 
quent to the blowout, this well was re- 
drilled and deepened five times with- 
out establishing satisfactory production. 
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The development of the Lakeview 
Pool can be broken into three periods. 
The first, from the discovery of Lake- 
view No. 1 in March, 1910, through 
December, 1934, saw the drilling of ‘ 
seven additional wells. Four of these 
wells were grouped in sections 33 and 
26 while the remaining three were in 
the immediate vicinity of the discovery 
well. During the intervening years, it 
was thought that these two groups were 
producing from separate horizons.*° The 
productive characteristics of these seven 
wells were sufficiently dissimilar to 
those of the discovery well that it was 
not realized the wells were all produc- 
ing from the same reservoir. After ces- 
sation of the gusher, none of the wells 
completed exclusively in the Lakeview 
sand were capable of flowing. The sec- 
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ond period was initiated in January, 
1935, by the drilling of the rediscovery 
well, Hallmark 1-A, section 25. A pe- 
riod of intensive development continued 
through December, 1940, during which 
time nearly all the existing wells were 
drilled. During the third period, from 
January, 1941, to the present date, five 
additional wells were drilled 
attempt to more accurately establish 
the downstructure limits of production. 
This unusual development history is 
graphically depicted in Fig. 6. In all, 
121 wells were drilled to the Lakeview 
sand by April 30, 1949, and, of these, 
112 were productive. 
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Operators involved in the develop- 
ment of the Lakeview Pool were the 
Alford Oil Co., 


General Petroleum 
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Corp., Hallmark Oil Co., Lakeview Oil 
Co., Maricopa 36 Oil Co., Merritt-An- 
nex Oil Co., Petroleume Drilling and 
Exploration Co., Richfield Oil Corp., 
Sage Oil Co., Standard Oil Co. of Cal- 
ifornia, The Sunset Monarch Oil Co., 
The Interstate Oil Corp., The Pacific 
Oil Co., The Texas Co., The United 
Oil Co., and Union Oil Co. of Califor- 


nla. 


DRILLING AND 
COMPLETION PRACTICES 


The long development period and 
the many different companies involved 
in developing the Lakeview Pool have 
resulted in a wide variation in drilling 
practices and completion methods. Most 
of the wells in the pool were drilled 
with rotary equipment, but a few were 


WELL I7 WELL 218 


ELEV. 702.8 


WELL 219 
ELEV. 704.30 


WELL 20 
ELEV. 690.26 


gf 10" CEM. 2150 


“1500 


-2000 


LAKEVIEW SAND: 


72500 


HORIZONTAL SCALE 
(FEET) 


“3000 


drilled with cable tools. A number of 
the Lakeview wells were originally shal- 
lower zone wells, which were deepened 
to the Lakeview sands. 

It has been the recent practice of 
some companies to drill to the top of 
the sand, where the water string was 
cemented and a water shut-off obtained. 
A reduced hole was then drilled 
through the Lakeview zone, the hole 
underreamed and a slotted liner hung. 
Other companies favored drilling to 
total depth before cementing the water 
string. After obtaining a water shut- 
off, the cement was drilled out, the hole 
underreamed and a slotted liner hung. 

The time required to drill Lakeview 
wells has varied from 7 to 91 days. 
Water string sizes vary somewhat but 
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are predominantly 85% in. casing. Lin- 
ers range in size from ebout 434 in. to 
7 in. and perforations vary from 60 
mesh to 250 mesh. 

The majority of the wells were drilled 
with water base mud, though some of 
the more recent completions have been 
with oil or oil base mud. 


WELL SPACING 


The well spacing in the Lakeview 
Pool is extremely irregular, varying 
from about one to seven acres per well. 
Within this density range there appears 
to be no correlation between well spac- 
ing and cumulative production, even 
for wells at comparable structural ele- 
vations. It is probable that the effect of 
variable well spacing is obscured by 
the influence of other factors which, in 
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this pool, have a more pronounced 
bearing on production. These factors 
include the number of producing days 
per month, the downdip rate of gravity 
drainage, size and efficiency of produc- 
ing equipment, degree of sand trouble, 
and extent of sand penetration. 


SAND CHARACTERISTICS 


The Lakeview sands vary consider- 
ably in their characteristics both ver- 
tically and laterally over the extent of 
the field. Core descriptions indicate 
that the producing medium varies from 
tight, silty, 
poorly saturated oil sand to loose, fri- 
able, well sorted, permeable, well sat- 
urated oil sand, with the latter pre- 
dominating. The presence of streaks of 


compact, poorly sorted, 


kaolin and limestone is common. 
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Although the sand grains vary in 
size from very fine to very coarse, me- 
dium to coarse grains predominate. 
Screen analyses of several core samples 
show a varation from 0.0190 in. to 
0.0355 in. at the ten percentile cumu- 
lative point on the screen analysis curve. 


Core analysis information on the 
Lakeview sand is meager. Obtaining 
core data which is representative is dif- 
ficult due to poor core recovery and to 
the inability to satisfactorily measure 
the characteristics of some of the fri- 
able, unconsolidated samples. Though 
few in number, the samples analyzed 
appear to cover the range of sand char- 
acteristics encountered. 


Table I is a recapitulation of the 
available core data. Included are anal- 
yses on four laboratory compacted sam- 
ples which gave data that appear rea- 
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sonable. These data were included on 
the basis that a considerable portion of 
the Lakeview sand is loose and uncon- 
solidated. Incorporation of these analy- 
ses on laboratory compacted samples is 
a conservative measure since it results 
in larger estimates of the tank oil origi- 
nally in place and smaller estimates 
of recovery percentages. 

Tests on 11 samples indicated that 
permeabilities to formation water are 
about 80 per cent as large as air perme- 
abilities, while permeabilities to fresh 
water are only about 46 per cent as 
great as air permeabilities. 


FLUID CHARACTERISTICS 


The oil obtained from the Lakeview 
Pool is a naphthenic type crude aver- 
aging about 22.5° API gravity. Both 
initial pool pressures and original sat- 
uration conditions in the pool are un- 
known. Therefore, it has been assumed 
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that initially the pool was saturated 
and had no free gas cap. It has also 
been assumed that the initial pressure 
was equal to a hydrostatic column of 
salt water equal in height to the aver- 
age depth of the pool. In most Califor- 
nia oil fields, original reservoir pres- 
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sures can be approximated in this man- 
ner. Neither subsurface nor recom- 
bined samples of Lakeview hydrocarbon 
have been analyzed, so it is necessary 
to rely upon generalized pressure-vol- 
ume-temperature data for estimates of 


fluid behavior at reservoir conditions. 


Table I— Lakeview Sand Characteristics 


Porosity, Per Cent of Bulk Volume 


No. of Samples 


Porosity Range, Per Cent 


No. of Samples 
Laboratory Compacted 


3 40.0 to 41.6 eZ 

‘4 35.0 to 39.9 2 

ilisyers, 30.0 to 34.9 0 

6 25.0 to 29.9 0 

i 24.0 to 24.9 0 

Total 32 Average 33.1 Per Cent Total 4 


Air Permeability, Millidarcys 


No. of Samples 


Permeability Range, md 


No. of Samples 
Laboratory Compacted 


3 10,000 to 10,500 2 

4 5,000 to 9,999 0 

12 1,000 to 4,999 2 

5 495to 999 0 

Total 24 Average 3655 md Total 4 


Capillary Pressure Interstitial Water Saturation, Per Cent of Porosity 


Interstitial Water corresponding to Permeability of 3655 md equals 23.5 per cent 
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Using these assumptions and for an 
average pool depth of 2875 ft the initial 
pressure would be about 1300 psia, the 
initial solution gas-oil ratio about 200_ 
cu ft per bbl and the initial formation 
volume factor about 1.106 bbl of reser- 
voir space per barrel of tank oil.°° 


TANK OIL IN PLACE 


In view of the inactivity of the edge- 
water, it has been assumed that the net 
productive reservoir volume in 1935 was 
identical to the productive volume at 
the time of the pool’s discovery. The 
reservoir volume was determined by 
the volumetric-porosity method from an 
isopachous map contoured on 10 ft sand 
thickness. A similar isopachous map 
contoured on 50 ft sand thickness is 
shown on Fig. 7. The sand count was- 
based upon a consideration of core data 
and electric logs. Of the 121 wells 
which penetrated the Lakeview sand, 
85 were wholly or partially cored, while 
92 have electric logs. A typical electric 
log of the Lakeview zone is shown on 
Fig. 8. The sand pinchouts upstructure 
and along strike were determined from 


\cross-sectional analysis by assuming 
X 


that the sand continued to thin uni- 
formly beyond points of control. The 
lower limits of production were estab- 
lished by determining the oil-water con- 
tact on the basis of sands» which were 
wet at the time of drilling. 

The net productive sand volume was 
calculated to be 41,798 acre-ft. The pro- 
ductive sand encompasses an area of 
588 acres and has an average thickness 
of 71 ft. Fig. 9 shows the approximate 
structural. distribution of the net pro- 
ductive sand volume as determined by 
superimposing the isopachous map up- 
on the structure map and computing the 
sand volume between structure con- 
tours.’ 

The tank oil originally in place was 
calculated to be 74,240,276 bbl, using 
the core data of Table I and a forma- 
tion volume factor of 1.106 bbl of reser- 
voir space per barrel of tank oil. 


RESERVOIR PERFORMANCE 


The production history of the pool 
is shown graphically in Fig. 6 and 10. 
As of April 30, 1949, the average pool 
production rate was about 2000 B/D. 
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At that time a total of 33 wells were 
still producing. 

It is significant to point out that 
about 20 per cent of the cumulative oil 
production was estimated. However, it 
is believed that the estimates were con- 
servative. The estimates were made 
principally on oil produced during the 
interval of 1910 to 1917, and about 90 
per cent of the estimate was for oil 
presumably produced by the “Lake- 
view Gusher”. For those wells where 
Sub-Lakeview Miocene or Gusher pro- 
duction was commingled with Lake- 
view production, a reasonable amount 
was deducted in an effort to obtain 
only Lakeview production. 


Accurate water production statistics 
are not available for certain relatively 
small properties within the pool. How- 
ever, the water production accumulated 
for those properties on which it was 
reported has been used in determining 
the water cut shown on Fig. 10. Accu- 
rate gas production data are not avail- 
able for the pool and have, therefore, 
not been included. 


In the Lakeview Pool, it has been the 
practice to utilize static fluid level data 
in place of bottom hole pressures as a 
basis for studying reservoir behavior. 
Depth pressure data are so meager, con- 
sisting of only nine surveys taken dur- 
ing 1937, as to be inadequate for pur- 
poses of reservoir analysis. Fluid level 
determinations suggest that the fluid 
surface is not level, but tends to slope 
downdip with the structure. Because 
sufficient data are not available for the 
preparation of iso-fluid level maps, 
arithmetically averaged fluid levels have 
been used. The excellent agreement be- 
tween these averaged fluid levels and 


fluid levels determined from well per-_ 


formance is shown on Fig. 11. Curve A 
represents the average of actual fluid 
level measurements while Curve B des- 
ignates time-depth depletion fluid levels. 
The latter was determined by plotting 
the subsea depth of the bottom of the 
well, providing it is not deeper than 
the base of the sand, versus the date 
that the well ceased to produce from 
lack of fluid. 


The principal production problem 
experienced in Lakeview zone wells has 
been sand trouble. Prior to 1936, most 
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wells were completed with liners having 
wide slots generally ranging from 120 
to 250 mesh. Excessive sand difficulties, 
which necessitated frequent bailing, 
perforation cleaning and equipment re- 
pair and replacement, resulted from 
these completions. The extent of the 
sand difficulties prompted some of the 
operators to conduct experiments on the 
bridging characteristics of the sands, 
which in turn resulted in a trend to- 
wards gravel packed liners of the cir- 
culated type and towards conventional 
liners with 60 mesh slots. Although the 


effects of these changes in completion 


technique have not been studied in de- 
tail, it appears that they have been in- 
strumental in practically eliminating 
sand trouble. 

The Lakeview Pool is apparently bor- 
dered on its downstructure side by a 
comparatively inactive edgewater. How- 
ever, as shown on Fig. 12, there are 
three general areas in the pool that 
have produced appreciable quantities of 
water. Areas 1 and 2 are regions in 
which edgewater has been coned into 
wells. These areas generally exist along 
competitive property lines. In Area 1, 
the first significant appearance of water 
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occurred in 1940 during a period of 
relatively high production which fol- 
lowed the completion of the majority of 
the wells. An inspection of fluid levels 
disclosed that the wells affected by 
water were surrounded by a pressure 
sink, which probably encouraged the 
movement of water into that region. 
During a period of reduced production 
in 1941, the water produced in this 
area declined noticeably. Concurrent 
with the increase in production during 
1942, water again entered the area. 
Generally since about 1944, decreased 
gross production rates have resulted ir 
gradually diminishing water cuts. Area 
2 is characterized by initially clean 
wells which, after a period of approxi- 
mately three months of intensive pro- 
duction, showed rapidly increasing 
water cuts. After 1937, following a de- 
_eline in production rates, water receded 
from the area, only to reappear again 
during the period of heavy production 
which began in 1942. The water be- 
havior thereafter has responded simi- 
larly to that in Area 1. Area 3 is a 
region which apparently has been in- 
vaded by water from other zones. A re- 
view of the mechanical conditions of 
wells which penetrated the Lakeview 
sand high on the structure suggests 
that any of several wells could have in- 
troduced foreign water into the Lake- 
view sand through unplugged side- 
tracked casing or from incompletely 
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plugged sands. In addition, it appears 
that the low pressure Lakeview zone 
was readily susceptible to an invasion 
of foreign water. The belief that these 
structurally high wells were affected 
by a foreign water is further substan- 
tiated by the fact that wells highest 
on the structure produced water before 
the lower structure wells. Analyses of 
water produced by wells in Area 3 
shows that water from the higher struc- 
ture wells contained slightly smaller 
concentrations of salt than those fur- 
ther downstructure. Water produced 
from these downstructure wells in Area 
3 was similar to Lakeview edgewater. It 
is conceivable, however, for a foreign 
water, in percolating through the Lake- 
view sand, to dissolve small quantities 
of salts so as to become similar to 
Lakeview water. The invasion in this 
area has not been serious since total 
water production seldom exceeded 200 
bbl per day. There is no evidence that 
oil production was obstructed by this 
invasion. The ingression of alien water 
has been curbed to the point where it 
is now negligible. 


Reservoir characteristics which are 
highly favorable to gravity drainage, 
make this pool particularly susceptible 
to effective gravity drive. The absence 
of active water drive and the depletion 
of gas by the “Lakeview Gusher” made 


gravity drive the dominant reservoir 
agent. 
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The production decline characteris- 
tics of individual wells are dependent 
upon their structural location. Wells 
high on the structure exhibit rapid de- 
clines in production rate until they go 
dry. Wells lower on the structure pro- 
duce for a substantial period of time 
at a relatively constant rate before their 
production declines rapidly due to the 
recession of the fluid level downstruc- 
ture past the wells. 


A comparison between the daily 
average production rate and fluid 
level decline represented by Fig. 10 
shows that the decline in fluid level 
is intimately dependent upon the 
withdrawal rate. This relationship be- 
tween withdrawals and fluid level is 
more strikingly illustrated on Fig. 13, 
which shows the fluid level versus the 
cumulative oil production. The straight 
line relationship between the fluid level 
and the cumulative oil production from 
January, 1942, to January, 1949, indi- 
cates that during that period the oil 
recovery has been essentially constant 
at about 53,000 bbl for each foot drop 
in fluid level. Such a relationship pro- 
vides a simple means of estimating re- 
serves, provided the lowest depth of 
drainage can be accurately determined. 
This method does not allow for thin- 
ning of the sands as the oil-water con- 
tact is approached. 


The “Lakeview Gusher” was prob- 
ably accompanied by an unstable local- 
ized reduction in pressure, which re- 
sulted in a release of the bulk of the 
original solution gas in the region af- 
fected. Following cessation of the 
“Gusher’s” uncontrolled flow, a period 
of establishing equilibrium took place. 
During this period a low pressure free 
gas cap of small areal extent was ap- 
parently created. This was evidenced 
by later drilling. The establishment of 
equilibrium resulted from a movement 
of oil into the drained region and an 
equalization of pressures throughout the 
reservoir. The movement of fluid into 
the depleted area is substantiated by 
rising fluid levels and increased produc- 
tion in Wells No. 215, section 33, and 
No. 6, section 26, from 1921 through 
1927. These data indicate the period to 
establish equilibrium was in excess of 
16 years. 


By relating the average fluid level at 
any particular time to the structural 
distribution of the sand volume, the 
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number of acre feet drained at that time 
may be approximated. It is recognized 
that drainage is not complete above the 
fluid level and that the recovery is a 
function of time, but it is assumed that 
additional economic recovery from that 
region will be negligible. An analysis 
of Fig. 14, which associates the drained 
cumulative reservoir volume with cumu- 


lative production of oil, shows the ratio - 


to approximate that of a straight line. 
This relationship indicates that such 
functions as formation volume factor, 
edgewater encroachment, water produc- 
tion, gas production, porosity, and inter- 
stitial water remain approximately con- 
stant over the period beginning with the 
rediscovery of the pool in 1935 through 
the present date. Of particular interest 


is a straight line extension of this curve 
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to represent a point of zero drainage. 
The first impression is that approxi- 
mately 9,000,000 bbl of oil were pro- 
duced without accompanying reservoir 
space being vacated. In the absence of 
edgewater encroachment, this apparent 
discrepancy must be related to the dif- 
ference in physical properties of the 
fluid as it existed before and after the 
period of uncontrolled flow. Lewis’ 
states that when original pressures are 
reduced, gas will come out of solution 
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and expand. Some oil will be driven 
from the pores by the free gas and par- 
tial saturation conditions will be devel- 
oped corresponding to the insular re- 
gions in a capillary system induced by 
gravity drainage. In the insular region, 
small globules of gas, separate and dis- 
tinct from one another, are interspersed 
in the oil.’ In this stage the’ sand has 
no gas permeability, the gas is en- 
trained in the oil and probably will 
move in the oil stream. In effect, single 
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phase flow would still exist in the sand 
and the freed gas would merely reduce 
density and impart greater elasticity to 
the remaining liquid. The foregoing 
statements appear to be particularly ap- 
plicable to the Lakeview Pool. It is be- 
lieved that after the period of uncon- 
trolled flow and during the period in 
which equilibrium was being re-estab- 
lished an accumulation of free gas in 
the insular region did occur and as a 
result of the imparted pseudo elasticity 
of the liquid the reservoir was essen- 
tially refilled with a fluid differing radi- 
cally from the original fluid. The ap- 
parent production discrepancy of 9,000,- 
000 bbl of oil as shown in Fig. 14 can 
be attributed to the refilling of the res- 
ervoir due to the accumulation of in- 
sular free gas. 


An extrapolation of the curve of Fig. 
14 to the oil-water contact gives an in- 
dication of the ultimate recovery at- 
tainable. It is not inferred that this re- 
covery will be reached since neither 
the feasibility nor economies of drain- 
ing the pool to the oil-water contact 
have been investigated. 

Table II gives a resumé of estimated 
oil originally in place, recoveries as of 
May 1, 1949, and estimated ultimate 
recoveries assuming- that the pool is 
drained down to the oil-water contact. 


Table II— Oil Recovery 


Tank oil originally in place, 
barrel Sysces st eee 74,240,276 


Barrels per acre foot orig- 


inally in place. 1,776 
Tank oil produced to May 1, 

1949, barrels 41,082,498 
Barrels per acre-ft produced 

to May 1, 1949. 983 
Per cent recovery as of 

Mea Tes 1 GAO oe a tek ee 55.3 
Estimated ultimate oil recov- 

ery; barrels 222 =>" = 47,000,000 
Estimated ultimate recovery 

in barrels per acre ft... 1,124 
Per cent ultimate recovery_. 63.3 


CONCLUSIONS 


The performance of the Lakeview 
Pool demonstrates the effectiveness of 
gravity drainage as a reservoir mech- 
anism. In the absence of active edge- 
water and/or appreciable gas drive, 
gravity is the principal reservoir con- 
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trol. The pronounced dip and the fa- 
vorable sand and fluid characteristics 
make gravity drive particularly effec- 
tive. The recovery to date has been 
about 55.3 per cent of the tank oil orig- 
inally in place, and it is estimated that 
an ultimate recovery of 63.3 per cent 
is attainable. 


The greater portion of the pool’s 
water production has been due to con- 
ing the inactive edgewater into low 
structure wells located along competi- 
tive property lines. 
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DISCUSSION 
By C. F. Gates, General Petroleum 
Corp., Los Angeles, Cuiif. 


Sims and Frailing are to be com- 
mended for analyzing and summarizing 
the history of a pool which amply dem- 
onstrates how important gravity drain- 
age can be as a recovery mechanism 
under favorable conditions. This pool is 
unique in having first a period of pro- 
duction in which the depletion mechan- 
ism dominated the recovery and then 
another distinct period in which recoy- 
ery was almost exclusively by gravity 
drainage. Fluid level data shortly after 
the beginning of the second period of 
development, January, 1936, indicated 
an average pressure of about 185 psi 
or 14 per cent of the estimated initial 
pressure of 1300 psi. In order to vis- 
ualize these relative values, one needs 
to examine Fig. 13 keeping in mind that 
the initial pressure was the equivalent 
of a fluid level about 1200 ft above sea 
level. Recovery to January, 1936, was 
12.5 million bbl, or 17 per cent of the 
original oil in place. Assuming several 
wells and more uniform withdrawals, 
recovery by the depletion mechanism 
alone would probably have been. about 
20 per cent compared with 63 per cent 
estimated total for both depletion and 
gravity drainage. 

It is of some interest to speculate 
about what the recovery might have 
been if no blowout had occurred and 
all produced gas had been returned to 
the top of the structure permitting grav- 
ity drainage to take place at higher 
pressure. Under present conditions 
about 37 per cent of the initial oil in 
place will remain in the reservoir. If 
the remaining oil saturation were the 
same at high pressure as at low pres- 
sure, then additional oil would be recov- 
ered because of the difference in forma- 
tion volume factor of the residual oil. 
As an upper limit only 10 per cent of 
the residual oil would be recovered by 
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this means. The total recovery would 
then be more than 63.3 per cent, but. 
less than 67 per cent of the original 
oil in place. 


DISCUSSION 
By Vaughn S. Moyer 


The Lakeview pool, in its latter pro- 
duction history, at least, is as fine an 
example of gravity drainage perform- 
ance as can be found in California. For- 
tunately for the reservoir engineer, the 
drive appears to be uncomplicated by 
water or internal energy forces, permit- 
ting some more or less unencumbered 
calculations to be made for gravity 
drainage. Since a great many California 
pools react unpredictably — insofar as 
theoretical behavior is concerned—such 
calculations should enhance the knowl- 
edge of gravity drainage considerably. 
It is true, of course, that an isolated 
case such as this cannot of itself be- 
come the gauge whereby all gravity be- 
havior is judged, but nevertheless it 
can serve as a guide to the trend to be 
expected. 

Perhaps the authors have made such 
calculations. If so, a few words from 
them on the subject would be well 
worthwhile. It would be interesting to 
know if the observed gravity drainage 
deviates materially from the calculable 
values, and if so, in which direction— 
lesser or greater? 


Author’s Reply to Vaughn S. Moyer: 


The successful application of theoret- 
ical gravity drainage equations to the 
Lakeview Pool is unfortunately hin- 
dered by the meager data available con- 
cerning sand and fluid characteristics. 
However, using the range of data that 
may be applicable, Darcy’s equation 
for maximum downdip flow of oil” 
gives oil rates for 1938 in the order 
of 14,000 to 18,000 B/D. When this is 
compared to peak production rates of 
about 18,000 B/D in 1938, it appears 
that good agreement is indicated. Simi- 
lar calculations for 1949 indicate maxi- 
mum downdip oil movement in the 
range of 7,000 to 9,000 B/D. When 
compared with the present oil produc- 
tion rate of about 2,000 B/D, this may 
indicate that sufficient wells are not 
available to produce the pool to the 
maximum rate. Other factors that could 
contribute to this reduced rate include 
incomplete sand penetration and re- 
duced effective oil permeability. * * * 
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SOME PRELIMINARY INVESTIGATIONS OF QUANTITATIVE 
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ROBERT E. BUSH, LANE-WELLS CO., HOUSTON, TEXAS, AND E. S$. MARDOCK, MEMBER AIME, 


ABSTRACT 


The objective of this paper is to pre- 
sent practical methods of applying ra- 
dioactivity logs to problems of interest 
both to those engaged in evaluating fun- 
damental reservoir data as well as to 
those engaged in subsurface structural 
work. The basic theories underlying the 
operation of radioactivity logging meth- 
ods are briefly discussed along with 
some of the problems arising in the in- 
terpretation of the log. Relative methods 
of quantitative interpretation are de- 
scribed, with a discussion of relative 
reference lines and specific examples 
are given showing the application of 
these relative quantitative interpretation 
methods. To show the variation of the 
methods _ described, 
penetrating formations widely divergent 


specimen wells 


in point of geologic age were selected 


- to demonstrate the application. A rela- 


tive reference line is determined for the 
Neutron Curve and by comparison to 
known petrophysical data such as 


- porosities from diamond cores, a direct 


~ given showing the application of these 
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quantitative relationship is developed. 


‘The application of this relative calibra- 


tion curve to logs of unknown wells will 
permit a reasonably accurate determina- 
tion of porosity in limestone and dolo- 
mite formations. Specific examples are 


relative methods of interpretation to 
logs of the Smackover limestone in 
Louisiana, the Edwards limestone and 
dolomites of South Texas, and Permian 
dolomites of West Texas. 


1 References are given at end of paper. 

Manuscript received at the office of the Pe- 
roleum Branch October 4, 1949. Paper presented 
at the Petroleum Branch meeting in San An- 
tonio, October 5-7, 1949, and at the Petroleum 
Branch meeting in Los Angeles, October 20-21, 
1949. ~ a 
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INTRODUCTION 


Radioactivity logs have been used 
extensively by the petroleum industry 
for a number of years and recognition 
of their value has grown steadily, not 
only as tools to aid in the solution of 
specific stratigraphic problems, but also 
as potential sources of the basic data 
necessary for the estimation of net pay 
and reserves. The value of radioactivity 
logs for stratigraphic work has been 


1,2,4,5,6 


pointed out in the literature, and 
now has long been recognized by the 
industry, but the quantitative applica- 
tion of the logs has advanced but litile 
beyond the stage of a strong conviction 
that radioactivity logging curves will 
some day provide the information on 
such important quantities as the poros- 
ity and the liquid saturation of the 
formations. 


During the past few years the staffs 
of the Lane-Wells Company and Well 
Surveys, Incorporated, have devoted a 
great deal of time, thought, and experi- 
mentation to the relationships existing 
between radioactivity curves and the 
lithologic conditions encountered, and 
this paper is, in a manner of speaking, 
intended as a progress report of this 
work and includes suggestions which 
the authors have found useful in the 
interpretation of radioactivity logs. 


The section on theory is not intended 
as a complete exposition of the physical 
processes involved, but rather as a brief 
introduction to the reader of these proc- 
esses so that he may acquire a better 
understanding of the behavior of the 
radioactivity curves under the varied 
conditions encountered in normal well 


logging. 
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Three relative methods for using neu- 
tron logs for the quantitative estima- 
tion of porosity in limestone or dolo- 
mite are presented. These methods are 
based on the comparison of logs and 
porosity data from wells in Louisiana, 
South Texas, West Texas, and New 
Mexico. 


These areas were selected because 
not only were there more core data 
available from these areas but also the 
majority of these data were from lime- 
stone or dolomitic zones. The correla- 
tion between core data and logs is 
simpler for limestones and dolomites 
than it is for sandstones due to the fact 
that sandstones are more complex than 
limestones and differ more widely 
among themselves as to composition 
of cementing materials, siltiness, etc. 
When data applicable to the various 
types of sandstones are available, the 
authors hope to present a discussion 
similar to this paper covering sand- 
stones or possibly a more general dis- 
cussion covering all types of reservoir 
rocks. 


The relative methods for estimating 
porosity which are presented in this 
paper fall short of the absolute method 
sought. However, these methods pos- 
sess the advantage that they can be 
applied to almost any neutron log as 
long as the range of application is held 
within the limits imposed by the local 
lithologic conditions which prevailed 
during calibration, i.e., these methods 
are for short range application only. 


THE THEORETICAL BASIS 
FOR RADIOACTIVITY 
LOGGING 


The two radioactivity logging curves 
commercially available today are the 
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Gamma Ray Curve and the Neutron 
Curve. Each of these curves -consists 
essentially of relative measurements of 
primary and/or secondary gamma ray 
intensities recorded as functions of 


depth. 


The Gamma Ray Curve is obtained 
by lowering into the well a detector of 
gamma rays (Fig. 1-B) which is con- 
nected to surface recording equipment 
and the intensity of the gamma rays 
emitted naturally by the rock strata are 
recorded beside the proper depth mark- 
er, while the chamber is being raised 
to the surface. 


The neutron survey is obtained with 
a short ionization chamber, to which 
there is attached a capsule containing a 
radium-beryllium mixture which serves 
as the source of neutrons, (Fig. 1-A). 
The ionization chamber of this instru- 
ment is affected by the gamma radiation 
resulting from the bombardment of the 
formation by neutrons and by the pri- 
mary gamma radiation from the sources 
which is scattered by the formation 
whereby some of it is directed toward 
the ionization chamber. The natural 
radiation from the formations also af- 
fects the chamber, but the intensity of 
this radiation is very small compared 
to that of the gamma radiation from the 
other causes enumerated above. 


Response of Curves to 
Various Conditions 


Fig. 2 is a chart showing the response 
of the radioactivity logging curves for 
different lithologic conditions, and Fig. 
3 shows the effect of hole size and cas- 
ing.””* These charts will not be dis- 
cussed at this time but they will be 
discussed later in the text in connection 
with the description of the physical 
processes involved. 


The Natural Gamma Ray Curve 


The response of the natural gamma 
ray curve is clearly explained on the 
relatively simple basis that some rocks 
radiate more gamma rays than others, 
and Russell’ has shown that there is a 
strong correlation between a rock classi- 
fication and the intensity of the gamma 
radiation emitted by the members of 
the class (Fig. 4). 


The Neutron Curve 


The mechanism of response of the 
Neutron Curve is more complex than 
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that of the Gamma Ray Curve, however, 
and in order to understand its behavior 
it will be necessary to discuss some of 
the basic factors affecting its operation. 


Components of the 
Neutron Curve 


The total gamma radiation reaching 
the ionization chamber of the neutron 
logging instrument while it is making 
a log has three main sources of origin, 
as follows: 

I (total gamma radiation = ,+1,+1, 

Where: 

I, is the intensity of the gamma rays 
induced by the action of neutrons upon 
the formation. 

I, is the intensity of the scattered 
the gamma _ radiation 


radiation, i.e., 
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which was originally emitted by the 
source capsule and which has been 
scattered by the formation. 

I, is the intensity of the gamma ra- 
diation emitted by the formation rocks 


themselves. 


The Neutron Induced Gamma 
Radiation Component (1,) 

The intensity of the gamma rays 
reaching a cavity in the rock from a 
point source distance r away would be’ 


_ SQCe *™ 
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x 
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Where: 
S is the source strength, a constant, 
characteristic for example, of the alpha 
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rayer used with the beryllium in the 
source capsule. 


Q is a factor due to the neutron spec- 
trum of the source flux. Q is a quantity 
which increases as the energy of the 
most populous group of neutrons in the 
source flux becomes larger. Q is con- 
stant for a given source. 


C is a quantity which corresponds to 
the average effectiveness with which the 
elements present in the rock convert the 
neutron flux into a gamma ray flux. It 
varies with the chemical composition 
of the rocks, and it is larger for dry 
rocks than for wet ones. (because, for 
example, gamma rays resulting from 
neutron capture are more energetic for 
most of the earth elements than they 
are for hydrogen). 
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#, is the value to which the full ab- 
sorption coefficient for the neutron flux 
converges as more rock is penetrated 4, 
is critically influenced by the hydrogen 
content of the formation; , increases 
with the concentration of hydrogen. 

ris the distance through the rock 
from the source to the cavity. 

The above reasoning also applies to 
a geometry which includes a well bore 
filled with oil or water whose diameter 
is small compared to the spacing be- 
tween the source and ionization cham- 
ber. For closer spacing a more exact, 
and therefore more complex, treatment 
will be required and this is outside the 
scope of this paper. 

For a given source, S and Q are con- 
stants and therefore do not affect the 
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character of the well log except that if 
these constants are too small, the log 
will contain very high statistical fluctu- 
ations. All of the neutron sources used 
in logging comply very closely with 
standards which maintain the S and Q 
factors so that there are only very small 
deviations from one source to another. 


The variable C affects the character 
of the log in that its main influence is 
exerted when the chemical composition 
of the rock changes. Sandstone and 
limestone, for example, have different 
C values. 


The variable », is a determinative 
quantity affecting the I, component of 
the Neutron Curve; and therefore since 
this is the most important component, 
it can be said that with only a few ex- 
ceptions #, is determinative for the 
Neutron Curve. 


The effects due to the influence of 
hydrogen on C and # cooperate to de- 
crease the intensity of radiation for in- 
creasing hydrogen concentration; and 
it is for this reason that the neutron 
curve is a commercial means of study- 
ing the hydrogen content in the forma- 
tions. This also explains the low re- 
sponse of the Neutron Curve opposite 
liquid filled porous zones, as shown in 
Fig. 2. 

Fig. 5 shows how I, varies with poros- 
ity in limestone in an exponential man- 
ner. 


On the other hand the increase in 
activity observed with anhydrite (Fig. 
2) is mainly due to its larger C factor, 
although yu, is small due to the absence 
of water. 


The log responds to shale in the same 
manner as to a porous zone (Fig. 2) 
because the C and 4, factors for shales 
are similar to those in porous zones, 
due to the high concentration of water, 
the presence of which is rendered less 
obvious by the fact that it is held in a 
loose state of chemical combination. 


The Scattered Gamma 
Ray Component (I,) 


If the same geometry as above is con- 
sidered but with a gamma ray source 
substituted for the neutron source, the 
intensity of the gamma radiation acting 
on the absorbing material in the rock 
cavity would be: 


Kor 
Pe 


r 
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Where: 


P is a source constant which deter- 


mines the source strength. 


“ is the average coefficient of absorp- 
tion of the rock formation for the gam- 
ma rays emitted from the source. Since 
uw, is a function of density, it might be 
expected that the I, component would 
vary inversely with density. The I, com- 
ponent actually does behave in this 
manner but this density effect is greatly 
overshadowed by the effect of borehole 
diameter. 

Fig. 6 shows that the I, component 
is directly proportional to the borehole 
diameter, although there is also an in- 
fluence due to other factors, mainly the 
rock density. 

This preponderance of the borehole 
diameter effect can be best understood 
by recalling that all of these scattered 
gamma rays have undergone losses of 
energy through the scattering process, 
so that only the photons which were 
scattered quite close to the well face are 
able to penetrate the rock and reach 
the ionization chamber. Hence, the rela- 
tively small effect of density. On the 
other hand, as the well face moves away 
from the instrument as it does when 
an enlarged section of bore-hole is tra- 
versed, a larger solid angle of the radi- 
ation from the source is subtended by 
the well face which becomes more thor- 
oughly illuminated by the gamma rays 
some of which are backwards scattered. 
The ionization chamber can then “see” 
- more of the scattered radiation. The I, 
component is therefore influenced prin- 
cipally by bore hole diameter changes 
and is responsible for the shift in 
the curve opposite borehole diameter 
changes (Fig. 3-A). I, is also affected 
strongly by casings and it is largely 
responsible for the shifts observed oppo- 
site casing seats in Fig. 3, (B, C, D 
and E). 

The I, component is not as strongly 
effected by the steel casing; however, 
the cement behind the casing has an 
attentuating effect on the neutrons, and 
contributes to the casing shift observed 
in Fig. 3. 


The Natural Gamma 
Ray Component (I;) 


While the Neutron Curve always has 
this component consisting of the gamma 
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radiation emitted by the rock through 
natural disintegration processes, it will 
usually be too small to merit considera- 
tion in most reservoir rocks. 


However, important exceptions to this 
rule have been noted. Certain bentonitic 
sands of South Texas, partilly silted 
sands generally, radioactive limestone, 
and others elsewhere, exhibit sufficient 
natural gamma ray activity so that the 
Neutron Curve is seriously affected. 


It is important to note that the Neu- 
tron Curve may be corrected for this 
natural activity by means of the Gam- 
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ma Ray Curve. This is done by taking 
into account the relative sensitivities of 
the two ionization chambers for gamma 
rays. For any given sensitivity scale the 
gamma ray instrument will be found to 
be sixteen times more sensitive than 
the neutron instrument. For example, 
opposite a bentonitic sand the Gamma 
Ray Curve indicated a high intensity of 
natural gamma radiation by making an 
8-inch swing to the right of the normal 
value for sands. The sensitivity scales 
were 6 and 10 inches respectively for 
the gamma ray and neutron curves. In 
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order to calculate the correction to be 
applied to the Neutron Curve we have: 


(oy KD) 
— x — = .833” =the correction to 
16-6 


subtract from the Neutron Curve deflec- 
tion in order to correct it for the nat- 
ural gamma radiation. 


Relative Importance of the 
Three Components 


The predominating component of the 
Neutron Curve is I,. For most cases, 
where the bore hole diameter is small 
and does not change appreciably, the 
I, component is very small and exhibits 
no large variations. The I, component 
is usually small enough to be neglected 
when the log is used in stratigraphic 
correlation work; but where a quanti- 
tative application is to be attempted, it 
is sometime found necessary to perform 
the operation previously outlined and 
correct the neutron curve for the influ- 
ence of natural gamma radiation. 


Sampling of Radioactivity 
Logging 

In order to understand the quantita- 
tive application of radioactivity curves 
the sampling process involved must be 
considered. Sampling -as the term is 
used in geological investigations means 
the description of the manner in which 
a specific property of the earth is 
weighted throughout the portion of the 
earth being studied. 


Sampling of the 
Gamma Ray Curve 


Fearon’ has shown that for gamma 
ray logging within a cylindrical bore 
hole, the weighing factor falls off ra- 
dially as a function of the absorption 
coefficient of the rays emitted by the 
radioelement present. 

The weight factor may be computed, 
for a stationary measure and for any 


particle in the vicinity of the detector 


by a calculation of the probability of 
radiation originating from any given 
particle arriving at the sensitive region 
of the detector. This probability is made 
up of three factors. 

1. The solid angle subtended by the 
detector, with the particle as the vertex. 

2. The average absorption factor 
which prevails for the radiation lying 
in the given solid angle. 
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3. The efficiency of the detector for 
radiation coming in from the direction 
of the particle. 


The weighing factor falls off continu- 
ously with distance away from the de- 
tector, nowhere falling abruptly to zero. 
At considerable distances, however, the 
weighing factor is so close to zero that 
the neglect of all matter beyond the 
rather thick shell will cause a negli- 
gible influence on the measurement. 


Fearon® has calculated the relative 
physical size of samples in gamma ray 
logging and coring and compared them 
in the table below. The two sets of 
samples have equal lengths. 


Table (8) 
Radioelement 
Predominately Wt. of 
Responsible Wt. of Log 3” Core 
for Radiation Sample Sample 
Radium and series 370 lbs. 25 lbs. 
Thorium and series 560 lbs. 25 Ibs. 
Potassium 40 160 lbs. 25 lbs. 


Sampling of the Neutron Curve 


The sampling of the Neutron Curve 
cannot be quantitatively treated as was 
the Gamma Ray Curve, because of the 
lack of information on the range of 
neutrons in the various rock substances. 
However, the available data on neutron 
ranges as well as that on the absorption 
of gamma rays of the hardness of those 
comprising the I, component tends to 
confirm the belief that the Neutron 
Curve sample is at least as large as 
that of the Gamma Ray Curve. 


In neutron logging as in gamma ray 
logging the sampling process differs 
from that of coring and the weighing 
factor also falls off with distance from 
the instrument. 


The manner in which the weighting 
factor varies in space differs markedly 
in the two cases ‘making it a matter of 
particular interest to consider the shape 
of the sample observed. 


Fearon’ has also calculated the shape 
of the sample in neutron logging by 
first making the following definitions: 

A. The weighting factor in neutron 
well logging is the rate of change in 
detecting secondary radiation (I,) in- 
tensity with respect to molar density of 
representative substance at the point 
for which the weighting factor is deter- 
mined. att: 
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B. The relative weighting factor is 
the ratio of the weighting factor at any 
given place to the value it would have 
at its minimum between source and de- 
tector, on a line joining them, if the 
space between source and detector were 
filled with material of the same nature 
as the surrounding rock. 

C. The sample is the quantity of mat- 
ter contained in a surface on which the 
relative weighting factor is 1/e. 


The mathematical development of 
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therefore only the shape of some simple 
examples will be considered. : 


Where both the neutron flux and the 
induced gamma ray flux have large 
penetrating power and neither is ab- 
sorbed appreciably upon passing 
through the rock a distance equal to the 
space between the source and the de- 
tector, the log sample inside a surface 
of relative weighting factor, is the solid 
of revolution of which a section through 
the axis of rotation has the form: 


such surfaces is quite complicated and r’ = 4a’cos 0 —2a’ (7) 
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VERY SMALL ABSORBTION 
_ SUBSTANCE. } 
IN FIGURE B THE DETECTED RADIATION IS APPRECIABLY ABSORBED. 


This equation is illustrated by the inner 
curve of Fig. 7a. The case where the 
emitted radiation is more penetrating 
than that detected is shown by the inner 
curve of Fig. 7b. The outer curves rep- 
resent the pattern for a fractional 
weighting factor. The outer curve in 
Fig. 7b represents the zone sample by 
the existing commercial equipment. 

In any case, however, when it is re- 
called to mind that y, is the determining 
quantity, it will be apparent that the 
“core” sampled by the neutron log 
would be a reasonable approximation 
to a cylinder the radius of which would 
vary with u,, and therefore the radius 
would vary with the activity indicated 
by the neutron curve, i.e., the greater 
the activity encountered the greater the 
radius of the core sampled. 


The log sample differs therefore, in 
from samples 


several ways secured 
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within the borehole. In the first 
place the core obviously samples the 
zone within the radius of the bore- 
hole while the log samples the zone out- 
side the borehole. This difference should 
be kept in mind when comparing core 
data with the neutron log for those for- 
mations where the hetergeneity of the 
porosity distribution is pronounced such 
as is the case with most of the lime- 
stones and dolomites, e.g., the Ellen- 
burger in particular. In the second 
place, the log sample is much larger 
than the core sample. The core sample 
therefore cannot be expected to agree 
exactly with the log sample, for the 
types of formations enumerated and it 
is highly probable that the porosities 
calculated from the log may be more 
valuable than those obtained from cores 
for estimating net pay and reserves. 


SOURCE 


A\ AND: By REPRESENT SURFACES CORRESPONDING TO WEIGHTING FACTOR OF ONE. 
A> AND B, ARE SURFACES CORRESPONDING TO FRACTIONAL WEIGHTING FACTORS. 
: IN FIGURE A IT IS ASSUMED THAT THE EMITTED AND DETECTED RADIATIONS HAVE A 
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METHODS OF QUANTITA- 
TIVE INTERPRETATION 


Limited to Liquid 
Filled Porosities 


The methods of interpretation pre- 
sented in this paper apply only to 
liquid filled porosities. Unfortunately, 
the influences of saturation on the Neu- 
tron Curve are too complex to be dis- 
cussed in this paper. The authors hope 
to be able to treat this subject in an- 
other paper, shortly. 


General Discussion 


The foregoing discussion of the basic 
theories has shown that there is a physi- 
cal basis for the assumption that the 
Neutron Curve might be calibrated in 
terms of porosity. When this can be 
done, a powerful tool will be available 
for determining the porosity of reser- 
voir rocks which will be simpler to ap- 
ply to evaluation and other reservoir 
problems than similar data obtained 
from cores because of the better sam- 
pling of the neutron logging process. 


Before this can be done a fairly com- 
plete background of information on the 
behavior of the variables C and u, must 
be compiled. With this information to- 
gether with the hole sizes, the casing 
record, and knowledge of the chemical 
nature of the lithology, it should be 
possible to determine the porosity of 
the zone sampled by an absolute 
method. 


However, the information on the va- 
riables C and w, is not available and 
therefore we must rely on relative meth- 
ods which really offer almost all the 
advantages of the absolute method ex- 
cept those of flexibility and a wide 
range of applicability. 


If the well completion procedures are 
the same (all wells were drilled to 
same bore diameter and have the same 
casing program) and the rock matrix 
is the same, the variables C and », will 
reflect only porosity changes and the 
component I, will be almost constant; 
hence the Neutron Curve will reflect 
mainly porosity changes. Therefore, if 
such a well is cored and logged, the 
relationship between the porosity of the 
cores and the log deflections can be de- 
termined, and this relationship can then 
be applied quantitatively to neutron 
logs of the other wells in the field in 
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order to determine the porosities of 
their portion of the pay without deter- 
mining the factors C and 4. 


Relative Methods of 
Quantitative Interpretation 


To determine the relationship be- 
tween the deflections of a particular 
Neutron Curve and porosity it is neces- 
sary that sufficient core data be avail- 
able in order that a wide range of poros- 
ity values will be at hand, and when 
these porosity values are compared with 
the Neutron Curve it must be kept in 
mind that there may be slight discrep- 
ancies in depth between the core log 
and the radioactivity log and the com- 
parison must be made therefore with 
the core porosity log properly corre- 
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lated as to depth with the radioactivity 
log. This is the first and one of the most 
important steps in making the inter- 
pretation. 

The second important step is to es- 
tablish the proper reference line for 
the Neutron Curve because it has no 
absolute zero. 


Reference Lines 


There are three possible choices for 
reference lines discussed in this paper. 
First there is the combination of a shale 
line and a dense limestone or anhy- 
drite line; second, there is the shale 
line alone; and third, there is the dense 
limestone or anhydrite line alone. 


These three possibilities give the in- 
terpretation method a wider field of 
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application than would be possible with 


just one reference line, since a single — 


standard reference line would not be 
applicable to all lithologies or to all 
types of completions. 


Combination of Shale and Dense 
Limestone or Anhydrite 
Reference Lines 


Where the formations are consistent 
and it is possible to log a thick shale 
and a limestone containing a dense 
zone or an anhydrite streak through the 
same number of casing strings or in 
open hole the difference between the 
Neutron Curve deflection of shale and 
that of the dense zone is considered to 
be the total neutron deflection and the 
deflections of the log are then con- 
verted to percentages of this total deflec- 
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tion. These percentages are then plotted 
against the porosities. Shale is assigned 
a value of 100 and the dense material a 
value of zero and the intervening dis- 
tance is divided into 10 equal parts 
in order to provide a scale. This method 
will be referred to hereafter as the per 
cent of neutron deflection method or 
the percentage method. 


This method has an important ad- 
vantage over the others in that it is 
possible to compare curves run on dif- 
ferent sensitivities without correcting 
for the sensitivity differences. 


% POROSITY 


However the application of this meth- 
od of choosing reference lines must be 
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fore should be stable in the drilling 
fluid and no sloughing should occur as 
this would result in enlarged bore di- 
ameters where the I, component of the 
log might be large enough to introduce 
error into the calibration curve. 

The success of the method depends 
on the maintenance of the I, component 
at a very low level. If there is doubt 
as to the constancy of the bore diam- 
eter through the reference zones and 
the zone to be analyzed a caliper survey 
should be run. Usually if the zones to 
be studied all lie close to the bottom 
of the well, the diameter will be true 
to bit size and uniform and the value 
of the I, component therefore will be 
small and will vary only slightly from 
well to well. 


Either dense limestone or anhydrite 
can be used for the other reference line. 
If an anhydrite zone is used it should 
extend throughout the field for an an- 
hydrite reference line should not be 
used interchangeably with a dense lime- 
stone reference because the factor C 
apparently differs for anhydrite and 
limestone and the variation in the ref- 
erence line will cause distortion of the 
calibration curve. 

Fig. 8 shows an example of this 
method applied to three radioactivity 
logs of wells penetrating the oolitic 
Smackover limestone. The average shale 
Jine chosen is constant in all three 
wells, and is uniform throughout the 
field. It is obvious that the data derived 
from this group of logs is applicable 
only in this particular field, and only 
where the same casing program is fol- 
lowed. The per cent of Neutron Curve 
deflection is plotted as the abscissa and 
the per cent porosity as the ordinate on 
semilog graph paper and the points 
scattered along a straight line as shown 
in Fig. 9. Although the points do not 
all conform closely, they will fall in 
such a fashion that a straight line 
drawn through them will represent an 
average of the neutron derived porosity. 


This curve may then be applied to anv 


other well in the field which has beer 


completed in a similar manner, with a 


degree of accuracy which is limited bv 
the quality of the sampling process, and 
the statistical and instrumental errors 
involved. (Unfortunately time and space 


do not permit a discussion of these 
latter factors in this paper). 
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Shale as the Reference Line 


If a dense zone is not present under 
the same hole and casing conditions as 
the zone to be investigated but a shale 
is present under these conditions, the 
shale may be used as the reference line 
and the Neutron Curve deflections are 
then measured from this line. 


Washing out of the shale may intro- 
duce the same errors in this method due 
to the greater I, component associated 
with larger hole diameters as it did in 
the case of the percentage method and 
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it is therefore essential that the shale 
be stable and the borehole diameter 
true to bit size. 

The Neutron Curve deflections, meas- 
ured from the shale line are plotted 
against the porosities of the known well. 
The neutron derived porosities for the 
unknown wells may then be determined 
by directly comparing the Neutron 
Curve deflections from the unknown 
wells with the calibration curve, if the 
log sensitivities are the same. 

If the log of the unknown well was 
run on a different sensitivity from that 


10 = 
902; NEUTRON CURVE DEFLECTION AND POROSITY 
8 FOR LULING-EDWARDS LIMESTONE 
De : . S255 5525525225222: 
60 Sie BEE: S : 
rY> BEees S55 5steseeeee sess seseeee 
3 : 
| if : i= Fe 
i; tT 
ic 
= l 
= t 
n iz 
10 
as = = = = 
ze, : 
6 ae s 
5 zee 
4 
EEE SE H HEH 
2r - 
F | | : | 
a te = -0+ 1 


NEUTRON LOG DEFLECTION (IN INCHES) 


FIG. 11 — RELATIONSHIP BETWEEN NEUTRON CURVE DEFLECTIONS AND POROSITY 
FOR LULING — EDWARDS LIMESTONE 


PETROLEUM TRANSACTIONS, AIME 


Vol. 189. 1950 


nip its 


ebb aera SOS ai Sieh Soins by Cake oa: 


Recess hh: tyercrary + 


buithg on Gh Sa a eb 


2 SO A a 
| a3 


aT 
ae 


of the known well, the deflection of the 
unknown well must be corrected to cor- 
respond to the sensitivity of the log of 
the known well. The corrected curve 
deflection may then be compared with 
the calibration chart and the neutron 
derived porosity determined. 


The correction for the change in sen- 
sitivities may be done as follows: 


SD, 
D, = 
S; 


Where: 


D, is the corrected Neutron Curve de- 
flection for the unknown well 


D, is the deflection from the curve of 
the unknown well 


S; = sensitivity of the curve of the 
unknown well 


» = sensitivity of the curve of the 
known well. 


~ This correction has been made in 
this manner because it is believed that 
the reader will find it more convenient 
to convert the deflections of the un- 
known curve to the scale of the known 
curve and then compare these converted 
deflections to the calibration curve. 


However, it is easily possible to convert 


the calibration curve to the sensitivity 
of the unknown Neutron Curve. This 
may be done by allowing D, to repre- 
sent some point on the cold calibration 
curve. D, will therefore represent the 
same point on the new curve. 
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This method of using a base line is 
illustrated by Fig. 10 showing two logs 
of Edwards limestone correlated with 
porosity data obtained from diamond 
cores. Fig. 11 shows the calibration 
curve resulting from plotting the neu- 
tron deflections measured from the shale 
line against the per cent porosities de- 
termined from core analysis. 


Dense Zones as References 


In the method first described, dense 
limestone was used as a reference line 
in that the difference on the Neutron 
Curve deflection in a shale zone and in 
a dense zone was used. It is quite fre- 
quently the case that casing programs 
require casing off shale and setting the 
casing shoe in the upper portion of the 
productive limestone or dolomite. In 


these cases a comparison with the cased’ 


off shale is not practical, and a dense 
zone within the limestone may be se- 
lected to be used as the reference line 
for the log. In this method the Neutron 


Curve deflection is measured from this 
reference and these deflections are 
plotted against the porosities of the 
base or known well. The neutron de- 
rived porosity for an unknown well in 
the field may then be determined by 
directly comparing the Neutron Curve 
deflection from the log of the unknown 
well with the calibration chart obtained 
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on the known well, provided the log 
sensitivities are the same. 

If the log of the unknown well was 
run on a different sensitivity from that 
of the known well, the deflections of the 
unknown well must be corrected to 
correspond to the sensitivity of the 
known well as has been described i in 
the case of the shale line. 

Fig. 15 illustrates the application of 
a dense zone as a reference line for the 
Neutron Curve. 


Selection of the Most 
Applicable Method 


Kach of the described methods of us- 
ing reference lines can provide a means 
of determining neutron derived porosi- 
ties for a given zone by the application 
of the calibration curve determined for _ 
a base or known well to the neutron 
logs of the unknown wells. Due to the 
variations from area to area in the cas- 
ing programs, borehole conditions, and 
lithology, the applicable method is that 
most commensurate with those condi- 
tions. 


SPECIFIC APPLICATIONS 


Smackover Limestone 
To illustrate the technique used in 
the application of quantitative inter- 


pretation methods, widely differing 
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fields, both geologically, lithologically, 
and geographically have been selected 
as examples. Fig. 8 shows three logs of 
wells located in the Haynesville (Deep) 
Field, Claiborne Parish, La., which 
have penetrated the Smackover lime- 
stone. The logs are aligned so that the 
correlation of the shales and limestone 
beds can be observed in order to illus- 
trate the similarity of character of all 
three logs. The per cent neutron de- 
flection method of porosity interpreta- 
tion was chosen for this field because: 
1. The hole was entirely cased. 


2. Shales are present and are both 
consistent and correlative. 


3. Dense limestone is scattered 
throughout the A and B Smackover 
zones. 

Shale lines were determined by aver- 
aging the peaks of shale at the left of 
the log, the slope of which is found by 
extending the line several hundred feet 
up the log. A value of one hundred per 
cent is assigned this line, since it repre- 
sents the lowest value on the log, and 
shows the greatest influence of hydro- 
gen on the I, component. The greatest 
deflection within the Smackover was 
chosen as the dense limstone or zero 
point. The distance from zero to one 
hundred per cent was divided into parts 
of ten, with proportional dividers, and 


lines therefrom were extended over the © 


zone of interest parallel to the shale 
line. 
- Due to excessive bottom hole tem- 
peratures the log of the General Amer- 
ican Oil Company’s Williamson-Lewis 
No. 2 has drifted to the right. This 
- drift is corrected by drawing the zero 
line and the proportional division lines 
parallel to the slope of the shale line. 
The curve is now prepared for corre- 
lation with the available core data. In 
this instance these data are already 
plotted and correlated on the same 
depth scale as the Neutron Curve. Cor- 
relations will vary slightly where coring 
is not continuous, and depth corrections 
must be checked for each individual 
core. A convenient method of recording 
data is to correct all depths to the Neu- 
tron Curve depth scale and to record 
the per cent neutron curve deflection 
directly from the log, opposite the cor- 
responding porosity value. These data 
may be plotted on coordinate paper, 
and a curve drawn through the average 
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of the points, but difficulty will be en- 
countered in extending the curve past 
the limits of the available data, there- 
fore semilog graph paper was selected 
for this purpose and reliance was 
placed on the behavior of the I, com- 
ponent as shown in Fig. 5. 


Fig. 9 is the graph of the data ob- 
tained from the Milner No. 3 and the 
Williamson Lewis No. 2. It will be noted 
that a large dispersion of points occurs 
on either side of the average curve. 
However, dispersion is to be expected 
from the comparison of the neutron 
log deflections to the porosities due to 
the differences in sampling and the 
heterogeneity of the porosity distribu- 
tion. The core analysis sample is ob- 
tained from a small plug representing 
only a small portion of one foot of 
core sample while the neutron sample 
would be very much larger. A smoother 
curve may be obtained by averaging 
three core samples, but no real im- 
provement would be gained because the 
averaging is accomplished by using the 
same core samples as before. 

When established for a field this 
curve may be applied to the log of 
an unknown well, and the neutron 
derived porosity determined. 
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Luling — Edwards Limestone 


Two fields producing from the dolo- 
mitic Edwards Limestone of Southwest 
Texas have been selected as illustra- 
tions. This formation differs from the 
relatively homogeneous oolitic Smack- 
over limestone in that the heterogeneity 
of the distribution of porosity in this 
dolomitic limestone is much more pro- 
nounced. Horizontal correlation in this 
type of material is poorer, and it will 
characteristically extend over only a 
few inches of sample. For this reason 
the two methods of sampling used in 
coring and well logging will cause wide 
dispersion of data. 


Fig. 10 shows two logs of the Ed- 
wards limestone which were cored with 
a diamond core bit. Throughout the 
entire zone, high porosity is present, 
and no reliable dense material is avail- 
able for use as a log reference line. 
The Grayson shale shown at the top of 
the log is quite extensive and constant 
throughout the area, and serves as an 
excellent marker. For this reason it 
was chosen as the relative log reference 


line. 


The log reference line was estab- 
lished by drawing a line through the 
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average of the shale peaks at the left 
of the log. A scale in inches is used to 
determine the changes in deflection 
from the reference line. In this example 
the porosities of the dolomite are high 
and the neutron deflection extends to 
the left of the reference line. To meas- 
ure these intensity changes a negative 
scale in inches is established. The neu- 
tron curve is then correlated with a 
plot of the porosity, and the neutron 
log deflections from zero determined 
for the corresponding porosity. These 
data are plotted on semilog graph 
paper with the neutron log deflections 
as the abscissa and per cent porosity 
the ordinate, and an average line drawn 
through the points. The neutron de- 
rived porosity calibration curve is now 
established for this log. Fig. 11 shows 
the neutron derived porosity calibra- 
tions for the Grayburg Hardeman B-9 
and the Frank Roberts No. 1. 


To illustrate the procedure involved 
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in correcting the Neutron Curve deflec- 
tion for a given sensitivity to a different 
sensitivity, a deflection of the Frank 
Roberts No. 1, is two inches, and the 
curve was run on a sensitivity of 10.12 
inches. This deflection may be corrected 
to apply to the log of the Hardeman 
B-9 which was run on a sensitivity of 
9.9 inches, as follows: 


Saxe D, 
De 
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D5 96nine 


The corrected log deflection now may 
be applied to the calibration curve of 
Hardeman B-9. Since the Frank Rob- 
erts No. 1 was cored it is possible to 
check the accuracy of the neutron de- 
rived porosities with the porosities de- 
termined from cores. 


Fig. 11, however, shows the derived 
porosity curve for the Hardeman B-9 
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corrected to the sensitivity of the Frank 
Roberts No. 1. This was done by taking 
points off the Hardeman B-9 calibra- 
tion curve and substituting them in the 
above equation for D,. Values of D, 
were then plotted against the porosity 
to obtain the new calibration curve. 


Jourdanton — Edwards 
Limestone 


Another example of Edwards lime- 
stone quantitative interpretation is 
shown in Fig. 12. In this example three 
logs are shown with corresponding core 
data. The neutron percentage method 
of quantitative interpretation was chos- 
en for the Jourdanton Field because of 
the presence of the Grayson shale and 
an extensive anhydrite bed located 
within the productive Edwards. The 
procedure involved in this interpreta- 
tion is identical with the method used 
for Fig. 8, with the exception of the 
reference line utilized. In the Jourdan- 
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ton Field the anhydrite bed was chosen 
as the log reference instead of the dense 
limestone. Fig. 13 shows the combined 
plot of the per cent neutron curve de- 
flection versus per cent porosity. No 
further correction is required for ap- 
plication of this neutron derived poros- 
ity calibration curve to logs of uncored 
wells in this field provided the same 
markers are available in each well. 


Permian Dolomites 


Permian dolomites of West Texas are 
highly hetergeneous and are quite often 
contaminated by silty material. The 
heterogeneity of these formations cause 
a wide dispersion of porosity values 
over extremely short intervals and sam- 
ples taken from the borehole as cores, 
are highly dissimilar to the sampling 
of the Neutron Curve outside the bore- 
hole. For this reason neutron porosity 
curves determined from logs of this 
area exhibit a greater dispersion of 
points. A further complication is intro- 
duced by the presence of silty material 
which introduces deflections in the Neu- 
tron Curve similar to those due to 
porosity by the effect on the I, compo- 
nent of the chemically combined hydro- 
gen, characteristic of silty material. In 
zones of this type the normal procedure 
must be varied slightly to determine the 
effect of the silty material on the neu- 
tron porosity curve. The procedure fol- 
lowed in Fig. 16 accounts for and cor-. 
-yrects for the effect of the silty mate- 
rial. Three logs shown are of wells lo- 
cated in the West Vacuum field, New 


Mexico, which have penetrated the San 


Andreas formation, a silty dolomite. 
The State C-2 was chosen as the base 
well for determining the neutron poros- 
ity curve. The highest deflection repre- 
sents dolomite of very low porosity and 
is used as the log reference. A scale in 
inches was established by tracing the 
log on rectangular coordinate paper to 
show the intensity changes from zero. 
The neutron derived porosity calibra- 
tion curve was determined by utilizing 
only porosity data obtained from a zone 
shown by the low intensity of the Gam- 
ma Ray log to be silt free. The points 
for this curve is shown by Fig. 15 and 
it represents the neutron derived poros- 
ity calibration curve for this particular 
log which was run on a sensitivity of 
2.34 in. The data for wells C-4 and B-3 
were also determined in the same fash- 
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ion and their neutron derived porosity 
calibration curves plotted. To illus- 
trate the application of the base neu- 
tron derived porosity calibration curve 
to uncored wells the State C-2 neutron 
porosity curve has been corrected to 
the logs of differing sensitivity of the 
State C-4 and B-3 and is shown by the 
broken line on each respective graph. 


Correction for Silty Material 


Correction for the effect of silty ma- 
terial is determined first by drawing 
an average of the lowest intensity values 
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on the Gamma Ray Curve and establish- 
ing a scale in inches to determine the 
changes in its deflection. The Radioac- 
tivity log of the State C-4 was chosen 
for this determination because of the 
presence of much silty dolomite which 
had been cored. By referring the Neu- 
tron Curve deflections to the derived 
porosity calibration curve an apparent 
derived porosity is found and by sub- 
tracting from it the porosity of the core 
analysis the derived porosity subtrac- 
tive component is: found. The Gamma 
Ray Curve deflections are then plotted 
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as the abscissae and the subtractive 
components are plotted as the ordinates 
on semilog graph paper and an average 
line is drawn through these points to 
provide a silt correction curve. The silt 
correction curve for the State C-4 is 
shown in Fig. 16, and has been cor- 
rected proportionally to the sensities 
of the Gamma Ray Curves of the State 
C-2 and State B-3. This procedure is 
the same as that shown by the formula 
previously shown for the correction of 
Neutron Curve deflections to a curve of 
different sensitivity. The complete de- 
termination of the neutron derived por- 
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osity may be expressed in the following 
formula: 
Bi = Pe a Pe 

Where: 

P, is the corrected neutron derived 
porosity, 

P.. is the apparent neutron derived 
porosity read from the neutron deflec- 
tion calibration curve. 


P, is the porosity difference caused 
by the decrease in intensity of the Neu- 
tron Curve due to the presence of hy- 
drogen in silty material. This value 
is obtained from the silt correction 
curve, by referring to it the deflection 
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of the Gamma Ray Curve. It is appar- 
ent that the dispersion of points on 
the silt correction curve should be ex- 
tremely high due to the chemical heter- 
ogeneity of the dolomite plus the het- 
erogeneity of the distribution of silty 
material plus the heterogeneity of the 
distribution of porosity. 


SUMMARY AND 
CONCLUSIONS 


The theoretical basis of radioactivity 
logging has been briefly discussed and 
the physical processes determining the 
logs have been described. The neutron 
log depends mainly on two variables, 
C a “chemical” factor which varies with 
the chemical composition of the sample ~ 
on the surrounding rock and 4, the ab- 
sorption coefficient for the neutron flux 
in the surrounding rock. yu, is largely a 
function of the hydrogen content of the 
rock and therefore is most strongly af- 
fected by fluid in the porosity. 

The sampling of radioactivity curves 
is known to penetrate radially much 
deeper into the formation than other 
methods of sampling such as cores, re- 
verse cuttings, and sidewall samples 
resulting in a much larger sample than 
those methods. The radioactivity curve 
sampling should therefore be superior 
for those formations exhibiting an ex- 
tremely heterogeneous porosity distri- 
bution. 

Relative methods of quantitative in- 
terpretation of radioactivity logs have 
been described which offer a means by 
which a neutron derived porosity can 
be determined for wells that have not 
been cored, by establishing a derived 
porosity curve from a selected base 
well, the data being applicable within 
limits of certain lithological and casing 
conditions. Versatility is obtained by 
utilizing the log reference points most 
applicable to the area. Homogeneous 
formations like the oolitic limestones 
show less dispersion of points plotted 
from these data, while heterogeneous 
formations such as Edwards limestone 
and dolomite and Permian dolomites 
show much greater dispersion. 

While the methods presented in this 
paper offer the advantages of universal 
application to radioactivity logs, it is 
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recognized that an absolute reference 
would offer greater accuracy to quanti- 
tative interpretation, and would increase 
the applicability of quantitative meth- 
ods to data throughout the oil produc- 
ing territories and remove the limita- 
tions imposed by changes in lithology 
and casing programs on relative quan- 
titative interpretation methods. This de- 
velopment, however, still remains for 


the future. 
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ABILITY OF DRILLING MUD TO 


LIFT BIT CUTTINGS 


H. N. HALL, HOWARD THOMPSON AND FRANK NUSS, MEMBER AIME, 
STANOLIND OIL AND GAS COMPANY, TULSA, OKLAHOMA 


ABSTRACT 


Removal of bit cuttings is an impor- 
tant function of drilling muds. In an 
effort to obtain better understanding of 
the factors influencing the removal of 


~ cuttings, an extensive series of labora- 


tory tests were made in which slip ve- 
locities of various sizes and shapes of 
particles were measured in muds oi 
different physical properties. Empirical 
equations were then derived from these 
experimental data. These equations 
show that slip velocity is dependent on 
cutting size and shape, mud flow con- 
stants, and flow state of the mud. Ap- 


_plicability of these equations for field 


use is demonstrated by comparing com- 
puted slip velocities with slip velocities 
obtained from field tests. 


1 References are given at end of paper. 
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INTRODUCTION 


Drilling muds have many functions, 
but perhaps the most important is the 
removal of bit cuttings from the well. 
In a 10,000-ft well, the weight of rock 
which is drilled and must be carried to 
the surface is over 150 tons. In addition 
to this, the mud must remove any 
sloughings from the well bore. Failure 
of the mud to promptly remove either 
bit cuttings or sloughs from the well 
bore causes re-drilling and excessive 
wear on bit teeth, slows down drilling 
rate thereby increasing well costs, and 
greatly increases possibilities for stuck 
drill pipe when circulation is stopped 
for any length of time. 


Drilling muds lift bit cuttings to the 
surface by means of the upward velocity 
of the drilling mud in the annulus. Be- 
cause a density difference exists be- 
tween the rock being drilled and the 
drilling mud, there is a difference be- 
tween mud velocity and the rate of bit 
cutting travel, called the net rise veloc- 
ity. To evaluate the ability of any type 
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of drilling mud in respect to lifting 
cuttings, some method must be known 
for predicting the rate of fall of cut- 
tings through mud traveling upwards 
in the annulus. 


Equations for the rate of fall of par- 
ticles through a true fluid have been 
satisfactorily determined by several au- 
thors..° Since drilling muds are not 
true fluids, but obey the laws of Bing- 
ham,’ it should not be expected that 
equations for rate of fall of cuttings in 
a true fluid would be applicable to plas- 
tic fluids such as drilling muds. Several 
authors have attempted to compute cut- 
ting slip velocities in muds using a vis- 
cosity value obtained. with a Stormer 
viscosimeter; however, unsatisfactory 
results were obtained. Pigott* took cog- 
nizance of the phenomenon of variation 
of viscosity with velocity in laminar 
flow, and calculated laminar slip veloc- 
ities using a variable viscosity with 
Stokes law, and turbulent slip velocities 
using Rittingers law. 


Drilling muds obey the laws of plas- 
tic fow which involve factors not aflect- 
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ing the flow of true fluids. Measurement 
of these plastic flow properties has been 
made possible by means of a rotational 
viscosimeter,’ and it has been found 
possible to predict the flow performance 
of muds under actual drilling condi- 
tions.” Drawing an anology between 
flow of muds in circular pipes and fall 
of particles through drilling muds it 
was thought that cutting slip velocities 
should be affected by these plastic flow 
properties, and the proper approach to 
the problem of predicting bit cutting 
slip velocities in muds would be to in- 
vestigate the relationships between plas- 
tic flow properties and slip velocities. 


THEORY 


The main problem to be considered 
in deriving expressions for rate of fall 
of particles through a fluid is that of 
the frictional resistance between a solid 
and a fluid in relative motion. If this 
frictional resistance can be expressed 
in terms of physical constants of the 
fluid and particle characteristics, then 
the problem of predicting slip velocities 
can be solved. The flow of fluids is a 
specialized case of the general case of 
frictional resistance between a_ solid 
and a fluid in relative motion, and the 
parameters which describe this should 
be applicable to cutting slip velocity 
relationships. Therefore, some mention 
must be made concerning the factors 
influencing flow of fluids in pipes. 


When a true fluid is in laminar flow 
in a closed channel of any cross section, 
the parameters involved in predicting 
resistance to flow are the dimensions of 
the system, fluid velocity, density and 
viscosity. Whether a true fluid is in 
laminar or turbulent flow the viscosity 
is constant. Drilling muds are plastic 
fluids and do not behave as true fluids 
do in laminar flow. For a mud, vis- 
cosity is not constant in the laminar 
region and decreases with increasing 
velocity up to the critical velocity. 
Above the critical velocity, mud changes 
to turbulent flow and apparent viscos- 
ity is constant. Due to the phenomenon 
of changing viscosity in the laminar 
region, the mud properties must be de- 
scribed by some parameter other than 
viscosity in order to obtain an expres- 
sion for resistance to flow for muds. 
Bingham’ was the first to derive an 
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equation for resistance to flow of plas- 
tic fluids in the laminar region. In 
place of viscosity, Bingham introduced 
the terms yield value (t,) and rigidity 
(n) and the resulting equation is: 
Om ty eee le ele 
a pe 
3D, gD," 


As pointed out before, muds behave 
like true fluids when in turbulent flow 
and therefore Fanning’s equation 
should hold for the turbulent flow of 
mud in circular pipes. Beck” has shown 


Ape (1) 


that Fanning’s equation is applicable 
to drilling muds if Reynold’s number 


n 
is calculated using 5 for the appar- 


ent viscosity. 

Since flow of fluid through a pipe is 
but a specialized case of the general 
law of the resistance between a solid 
and a fluid in relative motion, it would 
seem probable that when particles are 
falling in laminar slip in a drilling 
mud, the mud will behave like a plastic 
material and for particles in turbulent 
slip, mud will behave like a true fluid 


n 
an apparent viscosity of ———. 


3.2 


with 


ABILITY OF DRILLING MUD TO LIFT BIT CUTTINGS 


Presently used equations for slip in 
true fluid should therefore be modified 
to take this into account. ; 


It has been shown both theoretically 
and experimentally that the resisting 
force acting on a particle moving in a 
true fluid depends on the size of the 
particle, some function of the area, ve- 
locity of the particle relative to the 
fluid, and the density and viscosity of 
the fluid. By rearrangement of the Fan- 
ning equation, a group known as the 
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coeficient of friction, Cy, is obtained 
and this has been found to be a func- 


_ tion of the Reynolds number. This gives 


the general relation for frictional re- 
sistance and the following equations are 
an expression of this relationship for 
laminar and turbulent slip. 


For fluids in viscous flow 
(Re < .05), resistance is proportional 


true 


to viscosity, area, and relative velocity 
and Stokes law relates particle slip 
velocity to particle and fluid properties. 
Stokes law is: 


2¢D° (Ps a Pm) 
36 


V, = 


for spherical 


particles 
(2) 


In the turbulent region (Re > 2000) 


Table I 


Drilling Mud Characteristics 


Laboratory Tests 


Mud No. | Type ty n e Whe 
1 Bentonite gat ncce aeerar? hicat mia anne ora 0. -00572 64.0 0.27 
2 IB ENUORILE Avec ya erty Ba cee OG AA ys 0. .00893 64.5 0.83 
3 IBENGOMLGE Mest rape bia oe tae 0007 0131 65.0 1.30 
4 entomitenees seep at os eee oe eS Te -0189 .0276 65.4 3.4 
5 Rentouiterer caren aa: ot ey ene eee ce. 0420 .0409 66.0 5.2 
6 Bentonite Se ona RICE eens Sion Ie .070 .0470 66.7 6.1 
7 BEnLOMIte hays elcd is cmre never Sucncate tate 0084 0272 65.6 2.9 
8 Bentonite Or ae CI RCo aS eis SEE CS 0035 .0138 65.1 1.6 
9 BONG OMI ar gle cr eR REO ES ce ns 0. .00893 63.8 0.8 
10 Lubrigel RTS A Sr RI cy a eet oe REI aL SP 3 ores 0. .00277 62.4 0.27 
11 Lubrigel Beta ba le ec et ORO EN ES MEE on .0028 .00582 64.3 1.5 
12 SERS ela ta cic Meee rae he eh ee a cn a ct .0378 .00631 65.7 2.8 
13 Mubrigels seer cor ene ee CE eclectic. .0756 .00630 66.6 3.8 
14 Lubrigel 0854 .00630 67.0 3.9 
15 Daubrigel Sine ee eae te oe 1827 -00631 68.4 5.4 
16 Bentonite. . . 0. .00108 62.9 0.3 
7 Bentonite... . “ite 0. -00485 64.0 1.4 
18 Bentonite and Baroid. . 0. 0104 74.0 2.7 
19 Bentonite and Baroid. . -007 0136 74.7 3.8 
20 Bentonite and Baroid. . 056 0202 75.5 6.4 
21 Lubrigel and Baroid....... 434 0262 77.7 11.4 
22 Tubrigeltand: Baroids 2.220. i. a5 evucs 2 Sale = & 309 .0249 76.4 10.5 
23 LMS ATS oe aia iets ee ae ie ee 217 0182 65.8 9.1 
24 PARADA eee ee eM chats Miksa Cabo 122 0150 65.7 7.0 
25 INC ITE RM ae CB SS Die ck ohh Sen 056 .00875 65.5 4.6 
26 UACUter we lan were eye nao te.charste .029 00955 65.6 4.0 
27 INO CESS a oR Te RTE EC ag eto . 163 .00448 68.5 5.7 
28 Aquagel..... =a DORA Oa Ae ee ac 178 00465 68.6 5.9 
29 TA GQUEYED Loe 9) oa oe ae A . 130 .00410 68.1 5.3 
30 Banta W lav eect ook Svc commas «a thos Tea nate .240 .00444 68.8 6.7 
on Tb rnea Cli yi Rindge SES ee ee eee CC oe 045 0175 66.8 6.1 
32 Ws aA OR Vee Ee Ny cls cura Wis ke od wo the 023 .0139 66.7 4.8 
33 Blanca Clay.2-...00. 2... ee zee ae | 015 .0098 66.6 3.5 
= 7 Table I 
Cutting Dimensions 
x Laboratory Tests 
i Inches 7 yi R 
No. Cuttings rea olume n 
fe Description 1 2 3 Sq. in Cu. in. 
1 156 Glass Square....... 657 669 .210 1.436 — 0954 284 
2 156 | Glass Rettanalo: Soil) ee OO 1.27 210 2.410 1775 348 
2 3 156 Glass Square....... 1.26 1.26 210 4.23 357 -440 
4 156 | Glass Sphere....... .600D 1.13 118 .300 
5 152 Glass Sphere....... .1857D 1105 -00345 09375 
6 169 Al. Square. . . 250 . 250 125 . 250 00781 1235 
s 7 169 | Al. Square .250 .250 0625 1875 003905 0976 
ce 8 173 | Al. Disk.... Es .1875D 0625 0920 001722 .0737 
: 9 173 AL EAD iSkin tae tees .1875D 125 .1288 003444 0927 
10 156 Glass Sphere....... .592 1.10 1085 .296 
4 11 156 Glass Rectangle... . 458 419 215 . 762 0412 214 
g 2 156 Glass Rectangle... . .570 524 .130 881 0388 .210 
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resistance is largely due to transfer of 
momentum to larger masses of fluid, 
and is proportional to area, square of 
the relative velocity of the particle, and 
density of the fluid. In the turbulent 
region, Rittingers equation shows how 
particle slip varies with physical prop- 
erties of the fluid and the particle. Rit- 


tingers equation is: 
for spherical 
particles 


D (p,- m 
V=9q Make) 
Pm 
(3) 


In the transition region, resistance ss 
due to both viscous and _ turbulent 
forces, and neither Stokes nor Rittin- 
ger’s equation applies. Even though 
neither one of these equations can be 
used, there is the relationship between 
Cy and Re, and with knowledge of this 
relationship slip velocities can be cal- 


culated. 


APPARATUS AND PROCE- 
DURE FOR LABORATORY 
TESTS 


Determination of cutting slip veloci- 
ties under conditions as nearly like 
those encountered in oil wells required 
the use of a tall pipe column through 
which the mud traveled upwards, a 
method of injecting cuttings into the 
mud stream near the lower end of the 
column, and a screen for removing cut- 
tings at the top. Two systems with this 
type of arrangement were used. One 
was a large scale system having a col- 
umn of 4 in. ID pipe with 33 it of pipe 
from injection point to screen and the 
other had a column of 1.25 in. ID pipe, 
being 9 ft from injector to screen. Mud 
was returned to the reservoir by means 
of another pipe column which had a 
swinging spout so arranged that the 
discharge could be directed into a cali- 
brated tank for measuring volume rates 
of flow. A 500 GPM centrifugal pump 
driven by a gasoline engine was used 
with the large scale apparatus and flow 
rates were varied by means of a hand 
throttle and automobile gear transmis- 
sion. A 150 GPM centrifugal pump 
driven by an electric motor was used 
with the smaller apparatus and flow 
rates were varied with a by-pass valve, 
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which returned some of the pump out- 
put to the reservoir. A sketch of the 
apparatus is shown in Fig. l. 


Each 


approximate desired flow properties, 


mud was constructed to the 


mixing being accomplished with a jet 
mixer. Circulation of the mud was con- 
tinued long enough to make sure flow 
properties would remain constant dur- 
ing the test. Mud was then pumped 
through the pipe column and the rate 
was measured. Single cuttings of one 
type were injected and time of travel 
from injector to screen recorded. 
Groups of cuttings were then injected 
and their rate of travel was timed, after 
which the mud flow rate was rechecked. 
This procedure was followed through- 
out all tests. Mud flow properties were 
checked during the tests and velocity 
rates were selected at randon so that 
no hysteresis errors would be _ intro- 
duced. Ail cuttings were artificially con- 
structed to the approximate shape of 
actual cuttings. Spherical particles were 
also used to check the application of 
the equations for laminar and turbulent 
slip. Flow properties were determined 
with the rotational viscometer.’ 


RESULTS OF LABORATORY 
TESTS 


A fact well known among those who 
have experimented with colloids is the 
difficulty encountered in reproducing 
test results. For this reason a large 
number of tests were made and the ay- 
erage in each series was used. In tur- 
bulent flow ranges where mud acts as 
a true fluid the data were accurate to 
within +10 per cent. In laminar flow, 
however, results varied from a mean 
value by an average of +15 per cent. 


Flow properties and critical velocities 
of muds used are given in Table I. 
These muds cover a greater range of 
flow properties than is normally found 
in actual drilling practice. Dimensions 
of cuttings are given in Table II. 


Mud rate and cutting slip velocities 
for each test were separated into two 
parts; turbulent flow of drilling muds, 
Table HI and for laminar flow, Table 
IV. Each of the slip velocities in these 
tables is an average of several tests. 
For cuttings falling in turbulent slip. 
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the relationship of the coefficient of 
friction, Cp, to Reynolds number is 
shown in Fig. 3. It should be noted that 
there are two distinct curves, one for 
spheres, and the other for flat or ir- 
regular particles. 

In laminar slip, apparent viscosity 
is found to be a function of rigidity. 


ABILITY OF DRILLING MUD TO LIFT BIT CUTTINGS 


This function was constant for a par- 
ticular mud and the correlation of the 
function and yield value, t,, is shown 
in Fig. 5. This relationship enables a 
modified form of Stokes law to be used 
in predicting laminar slip velocities. 
From the laboratory data, empirical 
equations were derived in which cutting 
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slip velocity is expressed as a function 
of cutting characteristics and mud flow 
properties. 


DISCUSSION OF RESULTS 
Turbulent Slip 


Much data has been accumulated by 
various authors concerning slip veloci- 
ties of spherical particles in true fluids. 
Relations between C, and Reynolds 


number for spheres in true fluids have 
been accurately determined. Wadell* 
has shown that slip velocities of various 
flat particles require different Cz vs Re 
values, these relationships being de- 
pendent on relative flatness of the par- 
ticles (see Fig. 2). Relative flatness 
termed sphericity, is defined as the 
ratio of the surface area of a sphere 
of the same volume as a particle to the 
surface area of that particle. Since the 
majority of bit cuttings are flat it was 


Table III 


Turbulent Slip Data 
Laboratory Tests 


Cutting Cutting Cutting Cutting 
Mud “a #2 73 #4 
Mud # Velocity Vs Vs Vs Vs 
ft/sec ft/sec ft/sec ft/sec ft/sec 
1 ose ae eae 3.91 .97 1.14 1.25 2.74 
2.93 -99 115. 1.25 
ERG EE OE SORE ee, 4.35 98 1.05 1.21 2.81 
2.34 95 1.08 1.24 
Hs og eee ee ee a ge 4.50 -96 1.03 1.09 2.70 
3:17 -93 1.06 1.15 2.66 
1.50 .89 1.00 
RABY Ey Neyer sOe Scr esos a 4.12 84 1.02 1.14 2.60 
Beet e htt & clone wan knee igh 3.76 .84 1.04 1.06 2.41 
Bement titel a reneiilt’ & 4.00 .94 1.03 1.08 2.58 
2.70 80 1.00 1.23 
ea sane ae = nace ik asia nat 3.90 - 96 1.05 110 2.76 
3.13 1.00 1.09 1.19 
KD Eb aca eon 4.30 1.06 1.15 1.41 2.79 
3.18 1.05 1.20 1.33 
1.70 1.09 
ES Ne 3 tal GN a> te sR 4.24 1,00 1.12 1,26 2.88 
3.03 .99 Let7 1.20 
2.35 1.02 1.08 LZ. 
Dream ctiilihea trctecole: a 4.43 96 1.06 1.20 2,80 
3.22 -98 1.06 1.25 
Je occa Ane ee a ee 4.55 96 1,05 1.21 2.71 
# Cutting Cutting Cutting Cutting Cutting Cutting 
Mud 44 i v 78 ~ 
Mud Velocit; s 8 s 8 
ae fe see oh te/acs ft/sec ft/sec ft/see ft/sec 
a 5 eee ee 3.75 Hoos | <4,00 Bd AT 64 
esos 3.04 1.31 1.01 .62 1.01 65 
2.54 1.10 51 .56 60 1.04 
BES ta ace e aRPS 3.79 1.62 58 .97 57 .57 
Geer ese sie 3 16 1.40 89 71 20 49 
2.67 1.21 73 .60 .39 .55 
2.37 1.21 51 54 .60 .50 
aveneedey 3.65 .98 91 -43 382 54 
Nepean ce oe ttle pve aoe AG ie 31 “3 49 
2.91 1.01 57 32 39 35 
UG ees Sse GE seine hm nantes 4.11 .89 65 302, 78 48 
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necessary to determine slip velocities 
in mud for both flat and spherical par- 
ticles. 


The coefficient of friction, Cp, is de- 
fined as: 


2R 
Apa Ve" 
When the velocity has reached equilib- 


rium; the retarding force on the par- 
ticle is: 


Cy == 


(4) 


xD? 

R — 6 (Ps — Pm) g . , (5) 
xD. 

Ae Se (6) 

4, 
Therefore: 

4 D. Ps — Pm 

Cpu ( ) (7) 


DPin Vig, 


The Reynolds number can be computed 
from the following relationship: 


3.2 D. NV; Pm 


n 


C= (8) 
Values of Cy, and Re were computed 
from equations (7) and (8) respec- 
tively and Cy was plotted against Re as 
shown in Fig. 3. As can be seen from 
Fig. 3, there is a good correlation be- 
tween C, and Re. As it should be, there 
are two definite curves; one curve for 
spheres and one for flat particles. It 
was impossible to draw separate lines 
for varying sphericities from the data 
on flat and irregular particles. Such a 
situation as described by Wadell’ prob- 
ably exists, but due to the lack of re- 
producibility of results in colloidal 
systems and the amount of error intro- 
duced by the method of measuring slip 
velocities, the one line must suffice from 


data obtained. 


From this relation between Cy and 
Re for drilling muds it should be pos- 
sible to calculate turbulent slip velocity. 
This is possible, but since there are 
two unknowns, solution must be made 
by a tedious trial and error method. 
Multiplying Cy, by (Re)* gives the fol- 
lowing expression which contains only 
measurable properties: 

_ 13.7g De (es = Pm) Pm 


Cy, (Re)’ 


(Q) 


Fig. 4 shows a correlation of Cp (Re)* 
with Re. With this graph it is possible 
to compute values of Reynolds number 
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for any situation, and the corresponding 
slip velocity is obtained from: 


R 
ets a en TO) 


The equivalent diameter D, used in the 
above equation is the diameter of a 
sphere whose volume is equal to that of 
the particle. For a non-spherical par- 


ticle: 
6 Volume 
De emer j se ey) 
Tv 


The following general equations can be 
used for non-spherical particles: 


Cy (Re)* = 26.2g Volume (9; — Pm) Pm 


rn 


(12) 


n Re 
Y= Seon S)) 


3.97 pm*V Vol 
In computing slip velocities care should 
be taken to use the proper line on the 
plot of C, (Re)* against Re. 


Laminar Slip 


Since muds behave like plastic mate- 
rials when in the laminar flow region, 
a certain amount of force must be ap- 
plied to overcome the yield strength of 
the mud, any force less than this does 
not cause shear of the mud. Muds will 
therefore support cuttings completely 
until the initial shear is overcome by 
some means. Stokes law for the resist- 
ance to slip for particles is: 
R=37reDV, 
(14) 


Spherical Particles 


Thin Disk Shaped Particles 


16 
R= DV... . (1b) 


The force causing slip in a true fluid is: 


F = Volume (p,-pn) g . (16) 
In a plastic fluid such as mud, how- 
ever, this force is reduced due to the 
yield strength and the resulting force 
causing slip is: 
F = Volume (p,—pm) g — (Sur- 
face. rea). tp 2) 2 (17) 
When the particle undergoing slip 
reaches an equilibrium velocity, the two 
forces acting upon it, equation (14) or 
(15) and (17), are equal. Since ap- 
parent viscosity of a mud changes with 
rate of flow it was assumed that ap- 
parent viscosity would be a function of 
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rigidity. This function was designated 
as (x) (n), and with this definition 
slip velocity equations in laminar flow 
are: 
Spherical Particles: 
gD* (Ps — Pm) — 6g Dt, 


i - (18) 
18-(x) (n)r- 2 
Flat Disks: 
_ 3rtDg (6,-Pm) — 6 7 sty (D+2t) 
ye 64 (x) (n) 
(19) 


Actual slip velocities in the laminar 
region of mud flow were compared with 
slip velocities calculated by the above 
equations, omitting the factor x. Al- 
though actual and calculated slip veloc- 
ities differed widely, it was found that 
for any particular mud the actual and 
computed slip velocities differed by a 
constant factor. This factor itself va- 
ried with the yield value, t,, of the mud 
and therefore a correlation between 
yield value and the factor x was estab- 
lished and is shown in Fig. 5. With this 
relationship, the equations for slip ve- 
locities of spherical and non-spherical 
particles in laminar flow were complete. 


ABILITY OF DRILLING MUD TO LIFT BIT CUTTINGS 


It should be pointed out that certain 
phenomena observed in cutting slip 
have no counterpart in pipe flow. In 
pipe flow systems, the flow region is 
selected as the one which requires the 
larger pressure drop. In bit cutting slip, 
this would be analogous to a bit cutting 
falling in whichever type of slip re- 
sults in the least slip velocity. This is 
not a universal statement however. If 
the mud is in laminar flow, the cutting 
will fall in the type of slip giving lower 
slip velocities;. but in the turbulently 
flowing mud the cutting can fall only 
in turbulent slip. Thus, in some cases 
the bit cutting may fall in turbulent 
slip even though laminar slip would 


be numerically less. 


FIELD TESTS 


Having obtained empirical equations 
for bit cuttings slip velocities based on 
laboratory tests, the next problem was 
to see how these equations would hold 
up when used in the field under actual 
operating conditions. 


FIG. 5—X VS. ty LABORATORY DATA. 
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PROCEDURE 


It was decided that without causing 
excessive operating costs, the most ac- 
curate results on cutting slip velocities 
could be obtained by injecting artificial 
cuttings into the circulating system at 
the base of the standpipe and measur- 
ing the time of travel to the shale shak- 
er or some other point where they could 
be caught as they came out of the hole. 


Artificial cuttings used in the field 
tests were circular disks made from a 
thermosetting plastic and barytes. A 
combination of these two materials gave 
the desired hardness and proper den- 
sity, which in all cases was close to 162 
pounds per cu ft or a specific gravity 
of 2.6. These cuttings were developed 
as a result of laboratory experimenta- 
tion. Circular disk shaped particles 
were used because they resemble fairly 
closely in shape the average type of 
cuttings delivered, and for the basis of 
these checks a definite size and weight 
particle had to be used in order to 


eliminate any errors due to inexact di- 


mensions. From ten to twenty cuttings 


were introduced on each run through 
a special by-pass arrangement on the 
standpipe. Times of travel to the outlet 
point were taken, and corrections were 
made for time consumed in traveling 
down the flow line ditch in those cases 
where cuttings were timed at the shale 
shaker. Pump rates were adjusted for 
a series of runs by use of the hydraulic 
couplings with engines running at a 
governed speed. Frequent checks on 
pump rate were made to be sure it did 
not vary during a particular series of 
tests. Pump efficiencies were checked at 
the same time. Flow properties of each 
mud were measured frequently and an 
average used since variations were 
found to be minor. Due to the time and 
expense involved in changing mud flow 
properties over a wide range, only two 
muds were used in each series of tests. 
One check was run using water instead 
of mud as the drilling fluid. 


Two series of tests were run. Equip- 
ment used varied slightly:in the two 
tests, but in both cases the circulating 
system consisted of approximately 1000 
ft of 41% in. drill pipe in 95 in. casing. 
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In the first series, cuttings were caught 
at the shale shaker, a Baker retainer 
being used as a bridging plug in the 
casing to insure return of cuttings from 
the bottom. A full opening Reed bit 
(jet nozzles removed) was run in on 
the 4% in. drill pipe and circulation 
established with the bit just barely 
clearing the retainer. Returns were 
through 12 in. blowout preventers, a 
7 in. flow line angling at about 30° to 
the outside of the mast superstructure 
and on down a 13-in. pipe flow ditch to 
the shale shaker. Because of the extra 
restrictions and enlargements, it was 
found that cuttings were being slowed 
down and possibly settling out in these 
enlargements at the lower pump rates. 
Also, some were thought to be lost in 
the recesses of the retainer. 


The second series of tests was made 
with a more convenient way of catching 
cuttings as they came out of the annu- 
lus, and resulted in a larger percentage 
of return of those injected. The blow- 
out preventers were set aside and a 
side outlet of 7-in. casing made directly 
into the cementing joint of casing. This 
7-in. pipe was only 5 ft long and dis- 
charged the mud into a board flume 
that was covered with 14-in. mesh hard- 
ware cloth. Mud was discharged from 
this flume into a dug suction pit. A sub 
which directed flow back up the annu- 
lus was installed on the open ended 
drill pipe. With this type of arrange- 
ment, the erratic return of cuttings 
noted in the first test was entirely elim- 
inated and nearly all the cuttings intro- 
duced were recovered. 


Results of the field tests as compared 
with computed slip velocity values are 
shown in Tables V and VI. Three of 
the four muds shown in these tables 
were in turbulent flow in all parts of 
the annulus and at all circulating rates. 
The fourth was in laminar flow in most 
cases and sometimes exhibited turbu- 
lent flow around tool joints and drill 
pipe protectors. There was, therefore, 
sufficient data and duplication of re- 
sults to evaluate the applicability of 
turbulent slip velocity equations. Lami- 
nar slip occurred in only one mud and 
this was run during the first series of 
tests. Some errors were introduced in 
the first test by the flow ditch and these 
were in turn further magnified by the 
high viscosity mud used to bring about 
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laminar flow. Because of these factors 
it is thought that there were insufficient 
data to compare observed laminar slip 
velocities with calculated values. 


For the muds which were in turbu- 
lent flow, turbulent slip therefore oc- 
curing, the data were more accurate 
and a larger number of tests were made 
than in the case of laminar slip. Be- 
cause of these facts it is possible to get 
a better comparison between calculated 
and observed slip velocities. From Table 
V it can be seen that the difference be- 
tween measured and calculated slip ve- 


locities ranges from —0.25 to +0.27 ft 
per sec. and from —0.24 to +0.18 ft per 
sec. in Table VI. Numerical differences 
between observed and computed slip 
velocities are of the order of +£0.15 ft 
per sec. The deviation of calculated 
slip velocities from the observed slip 
velocities is shown for each test as per 
cent of the observed value in Table V 
and VI. The per cent deviation is ex- 
pressed as the ratio of the difference 
between computed and observed slip 
velocities to the measured slip velocity, 
being positive when calculated slip ve- 
locities are higher than observed val- 
ues. Observed values of slip velocity 
used in computing per cent deviation 
are an average of values at the different 
circulating rates. The per cent devia- 
tion ranges from +45.5 per cent to 
-17.8 per cent with an average of these 
ranging from +15 to —10 per cent. 
Fig. 6 shows a correlation between cal- 
culated and observed turbulent slip 
velocities. 


DISCUSSION OF FIELD TEST 
RESULTS 


There are a number of the laminar 
cutting slip 
shown in Table V that are expressed as 
positive velocities. In these, the cutting 
velocity was measured to be higher than 
the average mud velocity. Such a thing 
can be understood when it is realized 
that in the laminar flow region there is 
a parabolic velocity distribution in the 
annular space with a central unsheared 
plug moving at the maximum velocity. 
A cutting which was trapped in this 
plug would probably have no tendency 
to be removed from its position so would 
naturally have a velocity greater than 
the average mud velocity. The phenom- 
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Table IV 


Laminar Slip Data 
Laboratory Tests 


Yield Mud Cy C2 C3 C4 
Mud # Velocity | 
ty Vm Vs Vs Vs Vs 
Bee 0420 3.85 20 34 37 op) 
3.03 23 30 39 20 
0409 2.95 19 27 4] 25 
Bee ee eee, ee en ee .070 4.39 212 Dy, 3 22 
0470 3.89 20 18 22 “14 
2.43 10 23 29 .09 
10-5, ht ere Ne een er de .0378 1.85 1.55 
Meant Wak TN. ne 0756 3.35 84 1.01 1.40 1.01 
3.10 94 1.20 2.00 81 
i eel ati teen. Mice SRG eee 0854 4.65 .98 98 1.20 1.02 
3.20 99 1.49 
1.95 43 
TD teis Pease eso Seas 1827 4.40 37 AT 52 By 
3.55 28 41 68 131 
2.75 23 38 79 29 
| 1.33 28 yi 49 115 
i) 
Yield Mud Cy } Cc c 
Mud # Velocity Velocity % | Ee = 
ty Vm Vs Vs Vs 
93s cn 217 85 08 04 
675 08 03 
675 09 04 
1.30 “10 05 .03 
1.85 09 05 .03 
2.21 -09 .03 
1078 08 05 03 
1.10 -08 045 02 
1.12 -09 04 02 
DU aan cane Renee ee oe 122 2.90 28 12 12 
2.31 29 13 .07 
1.60 19 17 15 
2.90 20 20 
2.53 24 30 
1.76 26 09 09 
| 
EAT Me eke AE 056 99 61 38 
50 .90 67 40 
1.31 “80 60 40 
1.20 Tie 55 54 
D1 ope pegs Nirman Netans Re 029 1.71 1.21 70 63 
1.43 LA? 79 57 
1.25 -90 80 51 
1.09 81 71 48 
90 49 
Di rio hue dake eRe oe 163 eh 59 30 19 
1.96 51 30 “19 
2.12 59 29 19 
1.50 55 25 (21 
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enon of a parabolic velocity gradient 
_ could be a possible explanation of slip 
velocities which appear to be greater 
than their calculated value. Mud in the 
laminar flow region flows in a series of 
concentric shearing layers of mud and 
there is no turbulence present which 


| 


Pe 


AORTICLES 


would tend to move cuttings from one 
part of the stream to another. Because 
of this fact, a cutting could start out in 
a portion of the annulus having a veloc- 
ity less than the average mud velocity 
and continue in it all the way up the 
annulus. Another possible explanation 
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is that some of the cuttings might have 
been momentarily trapped in some part 
of the system. This would tend to give 
measured slip velocities greater than 
calculated values. 


Since data from the laboratory tests 
did not reveal any such difficulty with 
laminar slip measurements, it is thought 
that the shorter travel distance did not 
allow the plug flow or velocity gradient 
phenomena to be so pronounced as they 
were in field te:ts. The laboratory ap- 
paratus had a uniform flow channel 
while tool joints and in the field tests 
drill pipe protectors set up restrictions 
eddies 


which could possibly have caused some 


which caused and turbulence 


error to be introduced. 


Turbulent slip velocities measured 
from field data were used to compute 
C, and the Reynolds number for the 
average slip velocity for each test. These 
values were then plotted on the original 
laboratory correlation of C, and Reyn- 
olds number. The new correlation is- 
shown in Fig. 7. Although the points 
are more scattered than laboratory val- 
ues, they show the same trend and the 
wide variation is probably due to the 
difference between laboratory and field 
methods of determining slip velocities. 


As the results were being tabulated, 
it seemed that mud velocity had some 
effect on measured slip velocities. This 
was evident in both types of cutting 
slip. The more complex circulating sys- 
tem used in the field tests allowed in- 
troduction of a number of errors, and 
prediction of the action of the cutting 
was almost impossible due to the 
changes of velocity and eddies and tur- 
bulent zones caused by restrictions such 
as tool joints and rubber drill pipe pro- 
tectors. It is thought that the higher slip 
velocities noted with lower circulating 
rates was an indication of the above 
factors rather than the true slip velocity 
being affected by circulating rate. 


It has been previously pointed out 
that the average per cent deviation for 
turbulent slip velocity figures was from 
+15 per cent to —-10 per cent. The 
amount of deviation is not distressing 
when it is remembered that actual nu- 
merical differences between observed 
and computed values were on the order 
of +0.15 ft per sec. Roughness of the 
system and methods of measurement 
could account for this magnitude of de- 
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viation. On the whole the correlation 
between observed and computed turbu- 


lift bit cuttings, (2) above this mini- 
mum velocity what would be the most 
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Turbulent Slip 


835 Vol (Ps a Pm) 


lent slip velocities are very satisfactory advantageous pump rate, and (3) could Cy (Re)? = —3 3x10? 
for engineering use, and qualitative re- the mud be further treated so that even n 
sults fall in line with what was pre- with the added mud costs, an economic From Fig. 4, Re = 380 
dicted. advantage could be realized due to a a = 0.77 ft per sec 
: ePm 


GENERAL DISCUSSION 


With the knowledge that there is a 
means for determining the flow prop- 
erties of drilling muds, and that these 
flow properties can be used to predict 
laminar and turbulent cutting slip ve- 
locities, much greater consideration can 
be given to intelligent design of muds 
to achieve best results in drilling. The 
ultimate aim of the mud program is to 
supply, as economically as possible, a 
mud which will: (1) have the proper 
weight characteristics, (2) be able to 
withstand chemical contamination from 
a formation being drilled, (3) be pump- 
able at all times and not cause exces- 
sive horsepower requirements, and (4) 
be able to effectively remove the bit 
cuttings, thereby lessening the possibili- 
ties of such serious problems as stuck 
drill pipe, excessive re-drilling, ete. 


Tn the design of a mud system, assum- 
ing that all the requirements have been 
fulfilled with the exception of the last 
two mentioned above, three main items 
must be considered. These factors are: 
(1) with the given mud what will be 
the minimum mud velocity required to 


lower horsepower requirements needed 
for cleaning the hole. 

To illustrate a problem such as stated 
above, the following example is given: 
Computation of Optimum Pump Rate 

A well being drilled with inud of 
these characteristics: 

Yield value (t,)—0.110 lb per sq ft 
Rigidity (n)—0.006 lb per sec ft 
Density (p,,)—95 lb per cu ft 
Critical Velocity—3.7 ft per sec 

The pump is limited to a mud veloc- 
ity of 4.0 ft per sec in the annulus. 

To find the most desirable pump rate 
for removal of flat cuttings, turbulent 
and laminar slip velocities are com- 
puted. 

Cutting Size—'4 in.x\4 in.x1/16 in. 

Cutting Weight—170 lb per cu ft 


Laminar Slip 
Vv 37™tD(p,—-pn) g-6 7 g(D+2t )t, 
= 64 (x) (n) 
From Fig. 5, x = 84 when t, = 0.11. 
Substitution in the above equation 
gives V, = 0.0118 ft per sec 
Net rise velocity at 3.65 ft per sec = 
3.64 ft per sec 


Table V 


At a mud velocity of 4.0 ft per sec 
the net rise velocity of the cutting will 
be 3.23 ft per sec 


Fig. 8 is based on the above data 
and shows the relation between net rise 
velocity and annular mud velocity in 
both laminar and turbulent flow. 


From the example it can be seen that 
the laminar cutting velocity in this par- 
ticular case is very small, and cuttings 
of this size would be lifted at almost 
any pump rate used. To properly insure 
the removal of cuttings and to remove 
them as quickly as possible, the next 
problem to be confronted is that of ob- 
taining the maximum net rise velocity 
at practical pump rates. It can be seen 
that any mud in turbulent flow at a 
velocity less than 4.40 ft per sec will 
result in a smaller net rise velocity than 
was obtained with mud in laminar flow 
at 3.65 ft per sec. In the example given, 
a pump rate greater than 4.0 ft per sec 
was not possible, therefore, maximum 
cutting lift was obtained at the highest 
velocity at which the mud would remain 
in laminar flow. 


Summary of Cutting Slip Velocities — Test No. 1 


We 10.9 #/ ee fi 00506 #/sec ft Wt=10.75 #/ bee 3 
; 3 =10. gal n=0. sec t=10. gal n=0.0213 #/sec ft Wat 
Cutting Size ty=0.0498 #/sq ft Ve=2.74 ft sec ty=0.167 Ibs/sq ft Ve=5.5 ee aN 
Caleulat = : 
ee Observed Cutting Slip %o Caiulated Observed Cutting Slip %o Observed Cutting Slip 
Cutting Velocity—(ft/sec) Cutting Velocity—(ft/sec) Velocity—(ft/sec) 
Diam. |Thickness| Volume Slip Mud Vel.| Mud Vel. | Mud Vel. Slip Mud Vel. | Mud Vel. | Mud Vel. | Mud Vel. Mud Vel. | Mud Vi E 
(Inches) (Inches) | (Cu. In.) Velocity |4.75-4.77|3.78-3.96|2.84-2.96 Velocity |4.68-4.70/4.04-4.15/3.24-3.34 172 reves sued 0 ahee ae 
(ft/sec) ft/sec ft/sec ; ft/sec (ft/sec) ft/sec ft/sec ft/sec ft/sec ft/sec ft/sec ft/sec 
1 Yr 0.392 1.07 .99 1.20 1.34 | — 9.35 0.40 0.15 0.625 12.6 1 
a % 0.220 0.97 93 + 4.3 0.20 0.83 a es 1.16 
va ys 0.245 0.98 1.02 — 3.92 : 
9 : 0.12 0.62 —80.6 1.07 
236 le 0.139 0.87 1.02 1.04 | —15.5 0.17 0.04 0.24 0.20 ; 
ei 2 [cm oe Bas : , eee 
Ye 83 — 3.62 0.12 385 135 : 
19%, 4 0.0433 0.70 65 + 7.70 ie: He oe oe 0.870 
5% % 0.0288 0.017 +0 .025 Out j 
~ % A 0.0491 1.09 
% \% 0.0245 0.63 56 49 147.3 0.88 90 
% he 0.0123 0.54 39 81 —10.0 0 +0.72 13 Out : 
74 &% 0.0138 0.55 ayia 42 | — 1.79 0.015 ol 0.29 Out 75 81 .82 


%*Deviation of Computed Average Value From Observed Value 
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To illustrate the balance between 
varying the cutting lift ability with in- 
creased horsepower or adding chemicals 
_to change mud properties the above 
example is again cited, assuming that 
the annular mud velocity is not limited 
to 4.0 ft per sec. If the net rise velocity 
of cuttings had to be 4.5 ft per sec, the 
mud in its present state would have to 
be pumped at a velocity of 4.5 + 0.77 
or 5.27 ft per sec. Chemical treatment 
of the mud could raise the critical veloc- 
ity to 4.8 ft per sec. With the modified 
mud, laminar slip velocity would be 
about the same as shown in the ex- 
ample and at a mud velocity of 4.6 ft 
per sec the net rise velocity require- 
ments would be satisfied. A knowledge 
of the relative costs of chemicals neces- 
sary for the above treatment and of the 
horsepower costs of pumping at the 
increased rate would allow an evalua- 
tion of this type problem. 


Aside from the design of muds, the 
information presented in this paper 
could be useful in the event of trouble 
resulting from improper removal of cut- 
_ tings. With empirical equations for cal- 
~ culating bit cutting slip velocities it is 
possible to determine how the mud 
should be treated to decrease slip veloc- 
ity thereby increasing the net rise 
velocity. As an example take a case 
where the mud can only be in laminar 
flow and laminar slip prevails. An in- 
crease in either rigidity or yield value 
would result in an increased lifting 
ability. Perhaps the best way to solve a 


case such as this would be to add a 
bentonitic clay, which increases both 
yield value and rigidity, and treat with 
a viscosity reducer such as caustic-que- 
bracho when the mud became too thick 
to pump efficiently. The caustic que- 
bracho would tend to decrease the yield 
value greatly and change the high 
rigidity only slightly. For cuttings in 
turbulent slip an increase of rigidity in 
the mud will decrease slip velocity and 
therefore increase the ability of the mud 
to lift cuttings. 


Annular dimensions used in the field 
tests were much more regular than are 
usually found in normal drilling opera- 
tions, yet it was found that the cutting 
return was erratic. Given an irregular 
shaped open hole, centrifugal forces due 
to drill string rotation, turbulence or 
eddies caused by drill pipe whip and 
variation in mud velocity caused by 
the several different outside diameters 
of drill string, it is doubtful in normal 
operations that anywhere near the accu- 
racy of the field tests presented could 
be obtained in predicting cutting slip 
velocity. It is felt, however, that if the 
lowest mud velocity in the annulus is 
greater than the calculated slip velocity 
of a certain size cutting, that cutting 
and any others smaller than it will be 
lifted out. Time of lifting, however, will 
probably be longer than calculations 
will show. All the factors such as re- 
strictions, enlargements, etc., would not 
alter the true slip which can be pre- 
dicted by the empirical equations, but 
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would change the path of the cutting or 
momentarily deposit cuttings in quies- 
cent pockets of mud. 


CONCLUSIONS 


1. Slip velocity values computed by 
the turbulent slip equations show 
deviations within +15 per cent of 
slip velocity values measured un- 
der actual field conditions. 


2. Laminar slip equations appear to 
be correct; however, the limited 
data obtained from field observa- 
tions do not warrant any definite 
conclusions. 


3. Turbulence due to restrictions, 
drill pipe vibration and rotations, 
etc., may tend to alter the path of 
cuttings moving upward in the 
annular space, causing errors in 
the prediction of cutting travel 
time. The ability of a mud to ef- 
fectively lift cuttings is not af- 
fected by these factors, however, 
and if the annular mud velocity 
is greater than the calculated slip 
velocity, cuttings of a desired size 
will all be lifted and none allowed 
to settle back down the hole. 


4. Results of field trials show that 
these slip velocity equations will 
be a useful tool in the overall de- 
sign of mud systems. Use of these 
equations will enable determina- 
tion of the most efficient pump 
speed for maximum cutting carry- 
ing capacity, and make it possible 


Summary of Cutting Slip Velocities — Test No. 2 


ee Wt.=10.2 lbs/ ioe eA 00141 Ibs/sec ft 
é = =0.00128 lbs/see ft t.=10.2 lbs/gal n=0. s /sec wrt 
ye nee pee Ve=0.508 ae % erie ty =0.00767 lbs/sq ft Vce=1.055 ft/sec eee 
i : f Compute : 2 
Ties) Thien (eats) r Vi Calculated Observed Cutting Silp Average Value 
ae) ase) Ce one Observed Cutting Slip pe “ Turbulent Velocity—(ft/sec) From 
Toning vole ee) Observed Value | Cutting Observed Value 
Slip Vel Mud Vel. Mud Vel Mud Vel. Slip Vel. Mud Vel. ee 
(ft/sec) 4.945 .04 3.73 2.75 (ft/sec) 5.04 ; 
a 1.29 —12.40 
nea bt Dat 1.35 9.75 1.13 
0320 1.02 0.91 1.06 + 3.56 ee oe ee 
0.152 0.96 0.92 1.12 — 6.80 0.9 : me re 
0.076 0.87 0.63 0.70 +30.8 0.88 Hee ie ae 
0.0865 0.88 0.85 1.12 1.26 —17.8 0.90 a P io 
0.0433 0.81 0.61 0.70 0.79 +15.70 0.82 0. ae 
0.0288 0.73 0.77 0.96 —15.60 Re ae ae 
0.0491 0.82 0.76 0.87 0.62 i 0.81 a 0.88 
0.0245 0.72 0.47 0.62 82.2 0.71 : - smite 
0.0122 0.63 0.59 0.60 5.9 0.62 0.61 0. ; 
0.0138 0.64 0.46 0.65 0.72 4.92 
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to see how changing the mud flow 
properties by chemical treatment 
can aid in the removal of bit cut- 
tings from the well. 
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NOMENCLATURE 


A = cross sectional area of cutting 
(perpendicular to direction of 
slip), sq ft - 


Cr = coefficient of resistance (par- 
ticle slip), dimensionless 


= particle diameter, ft 


D. = equivalent particle diameter 
(2R,), ft 

D, = pipe diameter, ft 

f = Fanning friction factor, dimen- 
sionless 

F = force causing slip, 
lb ft/sec /sec 

g =acceleration of gravity, 
ft/sec/sec 

qe =pipe length, ft 

n rigidity, lb/sec/ft 

AP =pressure drop, lb/sq ft 

De =mud density, lbs/cu ft 

Ps =bit cutting density, lbs/cu ft 

R =retarding force, lb ft/sec/sec 

R, =nominal radius, equal to ra- 


dius of sphere of volume equal 
to that of the particle, ft 


Re =Reynolds number, dimension- 
less 

t =particle thickness, ft 

ty =yield value, lbs/sq ft 

ue =viscosity, lbs /ft/sec 

Vol. =particle volume, cu ft 

V. =critical velocity, ft/sec 

Vn =mud velocity, ft/sec 

ve =particle slip velocity, ft/sec 

46 


X =empirical slip velocity factor 


for laminar slip, dimensionless. 
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ABILITY OF DRILLING MUD TO LIFT BIT CUTTINGS 


Discussion 
By C. L. Prokop, Production Research. 
Division, Humble Oil and Ref. Co., 
Houston, Texas 


The authors have presented an inter- 
esting paper which should be a definite 
contribution toward a more thorough’ 
understanding of the factors which de- 
termine the carrying capacity of a 
drilling fluid. 

The paper discusses the velocity dis- 
tribution which exists across a mud 
stream flowing in laminar flow. In a 
low gel strength mud moving in laminar 
flow the velocity of the mud near the 
wall of the hole is very low. As one 
goes from the well out into the hydrau- 
lic center of the annulus the upward 
mud velocity will increase until it 
reaches a maximum of about 114 times 
the average. After passing the center it 
again decreases to a very low value as 
one approaches the drill pipe. It is in 
this region of laminar flow that the cal- 
culated settling velocities showed their 
greatest deviation from those observed 
in the field tests. As Hall points out this 
should be expected because of the veloc- 
ity distribution and the irregular flow 
channels that the mud may follow. 
These discrepancies may merit some 
attention as similar experiments have 
shown that a mud possessing a low gel 
strength and moving in turbulent flow 
often will be more effective in keeping a 
hole entirely clear than will the same 
mud made somewhat more viscous and 
flowing in laminar flow. It is true that 
particle slip velocities will be lower in 
the more viscous mud but the evidence 
is that a large number of cuttings may 
lodge in the hole. These particles which 
became stuck in the more or less stag- 
nant portions of the mud stream near 
the hole wall will have little or no ten- 
dency to be thrown back into the moy- 
ing stream. For this reason erratic cut- 
ting velocities in laminar flow may be 
the rule rather than the exception. In 
contrast a turbulent mud stream has a 
more constant velocity throughout its 
cross-section and probably washes the 
wall fairly clean of debris. 

Whether or not these differences be- 
tween laminar and turbulent flow would 
be sufficient to cause a dangerously 


_large number of cuttings to collect in 


the hole would probably depend upon 
drilling conditions, but acknowledg- 
ment should be made of their presence. 

kk * 
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THE PRESENCE OF CONDUCTIVE SOLIDS IN RESERVOIR 


ROCKS AS A FACTOR IN ELECTRIC LOG 


INTERPRETATION 


H. W. PATNODE AND M. R. J. WYLLIE, GULF RESEARCH AND DEVELOPMENT COMPANY, 


INTRODUCTION 


In the quantitative interpretation of 
electric log data it is essential to know 
the formation factor, defined as the 


_ ratio of the resistivity of the formation 
~ 100 per cent saturated with brine to the 


resistivity of the brine.’ This concept 
implies that the formation factor for 


- any given rock is constant irrespective 


Paes 


of the resistivity of the brine or solution 
with which it is saturated. It is appar- 
ent that this can be true only when 
the rock matrix is wholly non-conduc- 
tive. As reservoir rocks may contain 
clay or shale having an appreciable 
conductance one may expect these con- 


“stituents to influence the determination 
-of true formation factor. 


The formation factor may be theoret- 
ically derived from log data by dividing 
the resistivity of the mud filtrate in- 
vaded formation by the resistivity of the 


mud filtrate. Such a method of calcula- 


tion has implicit in it the assumption 
that the fluids in the invaded formation 


are wholly replaced by mud filtrate, 


that the solid matrix is non-conducting, 
and that the formation factor of the 
invaded zone is identical with the for- 
mation factor of the uninvaded zone. 
Since the validity of the first two basic 
assumptions regarding the insulating 
character of porous matrices and the 
displacement of the interstitial fluids in 


1 References are given at end of paper. 
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porous media do not appear to be fully 
established, the formation factors of a 
number of cores and clay slurries have 
been measured under conditions suit- 
able for verifying the assumptions and 
the extent of any errors inherent in 
them. 


CORE STUDIES 


Apparatus and Procedure 


Resistivity measurements were made 
on short cylindrical permeable cores 
which had been previously mounted. in 
lucite The cores were clamped by 
means of insulated bolts between brass 
plates about 5 cm square and 1] cm in 
thickness. The plates were provided 
with a ring seal to prevent leakage be- 
tween them and the core mount, and 
had a centrally located orifice so that 
fluids could be flowed through the 
mounted core. The brass mounting 
plates were used as electrodes and any 
current flow between them necessarily 
passed only through the constituents of 
the intervening core. 

Fluid saturation of the core, and fluid 
flow through the core, were effected by 
a centrifugal pump connected to the 
outflow end of the core, thus providing 
a differential pressure across the core 
of approximately one atmosphere. 

The procedure used was first to evac- 
uate each core by means of the pump 
and then to saturate the core with an 
aqueous sodium chloride solution of 
known resistivity. The resistance of the 


PETROLEUM TRANSACTIONS, AIME 


core was measured and flow of the solu- 
tion through the core continued for 
sufficient time to establish a constant 
resistance reading. After equilibrium 
had been reached with one solution, an- 
other sodium chloride solution of a dif- 
ferent resistivity was flowed through 
the core and the flow continued until a 
constant resistance reading was again 
obtained. This procedure was continued 
until resistance measurements of the 
core had been made with a series of 
solutions within a salinity range from 
1.0N NaCl to distilled water. 

The data obtained enabled the ap- 
parent formation factor of given porous 
rocks when saturated with fluids of dif- 
ferent resistivity to be computed and 
also provided information regarding the 
ability of an invading fluid to displace 
interstitial water from a core. 


Results 


Berea Sandstone — The first core 
examined was a specimen of Berea 
sandstone.* This core had been cut es- 
sentially parallel to the bedding for 
permeability studies. The core was 
clamped in the core holder and sat- 
urated with 1.0N NaCl solution and the 
resistance determined. It was subse- 
quently flushed and the resistance meas- 
ured when saturated in turn with 0.1N, 
0.025N, 0.01N, .005N sodium chloride 
solutions and finally with distilled 
water. In flushing the core with each 


* All cores used were about 5 cm. in length 
and 2.75 cm in diameter. 
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solution, a large number of pore vol- 
umes was passed in each case and the 
saturated core allowed to rest for pe- 
riods of 12 to 24 hours to insure mixing 
by diffusion of the saturating solution 
with any remaining unflushed solution 
of a different salinity. It was found that 
this precaution was unnecessary as, in 
accord with previous findings,’ essen- 
tially all of the saturating fluid is 
flushed by. the first few pore volumes 
of invading fluid. 


It became evident from the resistance 
measurements that the calculated for- 
mation factor of the core was not inde- 
pendent of the resistivity of the satu- 
rating solutions, the calculated forma- 
tion factor decreasing as the resistivity 
of the saturating solution was increased. 
It was apparent that current was being 
conducted through the core in part by 
some medium other than the saturating 
solution. Such conducticn could be at- 
tributed to certain solid constituents in 
the rock and presumably to wet clay 
components in the form either of dis- 
seminated particles or shale streaks. 
Inspection of the data indicated that 
the total conductance of the core in 
each case appeared to be equal to the 
sum of the conductance of the solids 
and the conductance of the saturating 
solution. Calculations showed that the 
relationship was being followed and 
established that the conductivity of the 
solid materials was essentially constant, 
irrespective of the conductivity of the 
saturating solution. 


The data and calculations for the 
Berea core are given in Table I. The 
true formation factor, F, may be defined 
as the formation factor that the core 
would have if none of the solid mate- 
rials were conductive. The true forma- 
tion factor thus expresses the texture 
of all the solid constituents of the rock. 
The apparent formation factor, Fa, is 


values given for the resistivity of the 
core, Pwa, the resistivity due to the con- 
ductive solids as distributed in the core, 
p;, and the resistivity of the fluid as 
distributed in the core, py, are com- 
puted from the relationship: 


1 1 I it 1 
hte, 


Pwo Pepe Pr Fp. 


(1) 


The relatively good agreement be- 
tween the measured and computed val- 
ues of py, When py is a constant demon- 
strates the essential validity of this 
relationship. 


Stevens Sandstone — In order to 
investigate further the effect of con- 
ductive solids in reservoir rocks, a core 
of Stevens sandstone from the Paloma 
field, California was obtained. This core 
was selected because of its known high 
clay content, it being thought that the 
specimen would have a relatively high 
solid conductivity as a result of the 
clay constituents. 


The core was extracted to remove 
residual oil, and then mounted and sat- 
urated with solutions of different re- 
sistivity in a manner identical to that 
employed with the Berea sandstone. 
Data relating to the core of Stevens 
sandstone are given in Table I. The 
relatively close agreement between the 
measured and computed values of pya 
is apparent. The computed resistivity is 
based on a resistivity for the conductive 
solids, pz, of 35.7 ohm-meters, and a 
true formation factor of 30.6. 


Because of the high clay content, the 
actual permeability of the Stevens core 
to water was very low. Consequently, it 
was not practicable to flush this core 
with large volumes of solution as was 
done with the Berea core, only about 
three pore volumes being flowed before 
each measurement was made. Some- 
what closer agreement between the cal- 
culated and measured resistivities might 
have been obtained had greater vol- 
umes of solution been flowed to insure 
more complete replacement of the in- 
terstitial solution by the invading solu- 
tions. 

Nichols Buff Sandstone — The 
effective conductivity of the solid mate- 
rials in a core of relatively clean Nich- 
ols Buff sandstone was determined. The 
core was saturated in turn with 1.0N 
sodium chloride solution and distilled 
water. The data for this core are given 
in Table I. The resistivity, p;, of the 
conductive solid constituents is high. 
being 2230 ohm-meters, and the calcu- 
lated formation factor is 18.4. 


Alundum —In order to establish 
whether or not any of the conductivity 
attributed to solid conductive material 
in cores was actually due, in part, to 
ineffective flushing of fluid in the core 
by the invading fluids, the conductivity 
of an alundum core when saturated 
with different solutions was determined. 
It was found that the formation factor 


Table I 


Measured and Calculated Data for Rock Cores With and Without 
Conductive Solids 


the measured resistivity of the core, owa 
ates nae ? C = 
Pwa, divided by the resistivity of the sy i Sy e eee 2 Measured | Computed 
fluid with which it is saturated, p.. The Berea SS... 23.3 22.7 0.119 2.8 250 2.70 2.75 
apparent formation factor becomes ae ae oe ae rs ae ae 
vee 57.3 tip 
smaller as the resistivity of the saturat- ae at no ist Has Bet 103 ; 
cae x 389 250 158 1 
ing fluid is increased since the effect ye ae eae i291) eee £9) 249 
of the parallel resistance resulting from mbevens BO anita r sr: ee te Grace owe ue geo 3.30 
: 29.6 35.7 13.1 
conducting solids then becomes rela- ae ne ie a ees ae eA 26.0 
: 511 35.7 32.0 
tively greater. Thus, a good value for ae ee 2 ae pat! oe 35.7 
true formation factor can be obtained Nichol’s Buff $8....... 18.4 18.4 0.126 2.3 2230 2 2.32 
18.4 0.7 2970 54650 2230 2140 2140 
by saturating cores with solutions of 
: ee Alundum..../........ 12.4 12.4 0.119 1.47 ea) 1.47 1.47 
i very low resistivity when making a ee ae ea mi ce 10:2 10.2 
rare measurement of formation factor. The alee hee 
: All resistivities in ohm-meters 
= 48 
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of the core was constant when saturated 
with either 1.0N NaCl-or .01N NaCl 
solutions, and that the first few pore 
volumes of the invading fluid appeared 
to replace all of the solution with which 
the core was saturated. The conductiv- 
ity of the solids constituting the alun- 
dum core was thus zero, and the forma- 
tion factor calculated at 12.4. The data 
for the alundum core are given in 


Table I. 


Discussion 


The results obtained demonstrate 
that reservoir rocks which contain wet 
clay or other conductive. solids may 
have appreciable conductivity as a re- 
sult of the presence of these materials, 
in addition to the conductivity of the 
pore water. In the cores examined the 
total measured conductivity is equal to 
the sum of the conductivity of the 
water in the pores and the conductivity 
of the solid material. It was found that 
the conductivity of the solid material 
in each core was essentially constant 
irrespective of the conductivity of the 
fluid which occupied the pores. 

The number of pore volumes of solu- 
tion necessary to displace effectively the 
original interstitial fluid in the cores 
appears to justify the assumption for 
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a water sand that in the invaded zone 
surrounding the borehole the original 
connate water has been substantially 
100 per cent replaced by mud filtrate. 
In the case of invasion of an oil sand 
an irreducible amount of oil must, of 
course, remain undisplaced. 


SLURRY STUDIES 


Although the relationship 1/p,, = 
1/p, + 1/p,, was found to hold for the 
four cores examined, further study of 
the relationship with core material was 
not practicable because the only param- 
eter that could be varied in any given 
core was the resistivity of the saturating 
solution. As mud slurries are analogous 
to porous rock and the type and quan- 
tity of the components may be varied 
at will, a series of mud slurries were 
prepared, and their properties meas- 
ured. From these data further informa- 
tion regarding the above relationship 
was obtained. 


Apparatus and Procedure 


A large number of aqueous slurries 
were made using waters of different 
resistivity and various proportions and 
volumes of commercial grade fuller’s 


Table II 


Data for Different Slurries Having a Constant Volume 
of Conductive Solids 


Percent solids by volume, (I—P).100.................20.00-05 
Uae TETeSISULVIUY SI COC)'sccaics se ites « «serees eee ees wiote sgl ate wes 
Apparent formation factor, (Fa)..... 0.5.0.0 neces 
Pa ratert One a CLOTS (MeO) sao. seo aris eco tepspeenebeghae i aciener= 
Measured resistivity of slurry, (Pwa)......-- 200 e een e sere aee 
Resistivity of solid phase, (of)...........0..0 cere reece etre ees 
True resistivity of slurry, ((w=Foc).....-.-.. 002s sree c eee eee 


ee 5.72 5.72 5.72 
ae 16.32 81.3 199.0 
me 1,096 0.57 0.308 
ie 1.099 1.099 1.099 
ee 14.9 46.4 61.4 
‘e 85.5 96.7 85.5 
a 18.0 89.5 219 


Ze All resistivities in ohm-meters 


* A value of 1.6 for slurries of this type 
was reported previously by H. W. Patnode.* 


Table III 


Data for Slurries Having Different 


Volumes of Conductive Solids 


and Constant Fluid Resistivity 


, Percent solids by volume (I—P).100. . 1.786 get 
Ss Water resistivity (ec)...,..--+-+-+55 199.0 1 a 
a Apparent formation factor (ewa/ec) . . 0.714 ee 
_ Formation factor (F=P-"6)......... 1.029 ie 
~~ Measured resistivity of slurry (@wa)...| 142.0 ay) 0 
Resistivity of solid phase (°f)........ 461 a 
True resistivity of slurry (Ppw=Fec)... 204.6 ‘ 


2.843 4.350 5.72 7.28 
199.0 199.0 199.0 199.0 
0.476 0.389 0.308 0.257 
1.047 1.073 1.099 1.129 
94.7 77.5 61.4 51.1 
177 121.5 85.5 66.0 
208.2 214.0 218.8 224.5 


All resistivities in oh n-m>t2r3 
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earth* and powdered silica. As silica 
is non-conductive and fuller’s earth has 
an appreciable conductance when wet. 
the effective conductivity of the solid 


constituents could be varied as well 
as the conductivity of the fluid. 


Fuller’s earth was used as the con- 
ductive solid principally because it. is 
not readily dispersed and the floccu- 
lated clay settles out of suspension 
rather rapidly, thus expediting the ex- 
periment. Any other conductive clay 
material having this property would 
have been equally satisfactory. 

The procedure for investigating the 
slurries was as follows. Known volumes 
of solids and fluid were placed in a 
glass tube 30 mm in diameter and 50 
cm in length, the tube being closed at 
one end. After addition of the materials 
(whose volume never exceeded about 
one-half the capacity of the tube), the 
open end of the tube was closed by a 
rubber stopper through which was in- 
serted a dipping-type resistivity cell 
having platinized platinum electrodes. 
The slurry was agitated thoroughly, 
and the tube then clamped vertically to 
allow the solids to settle. The slurry was 
then reduced to the desired volume by 
pipetting off part of the supernatant 
fluid. The resistance of this fluid (or 
filtrate), and the resistance of the 
slurry in the tube was then determined 
with the resistivity cell using a Kohl- 
rausch bridge and telephone. The re- 
sistances were corrected to resistivities 
by multiplying by the cell factor. All 
resistance measurements were made at 
room temperature, i.e., about 26°C. The 
data given in Tables II, III and IV 
are measured resistivities and the rela- 
tively small corrections necessary to 
relate them to a constant temperature 
have not been made. 


Results 


In Table II are given the measured 
and calculated data for three slurries 
which are identical except that the re- 
sistivity of the solution in each slurry 
was different. The solid constituent in 
each case was fuller’s earth. As in the 
cores already discussed, the resistivity 
of the fluid was the only parameter that 
was varied, and the calculated resistiv- 
ity of the solid phase is essentially con- 
stant. While the true formation factor is 


* Raw attapulgite clay. 
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constant, the apparent formation factor 
decreases as the water resistivity in- 
creases. 


The data given in Table III are for a 
series of slurries made with fuller’s 
earth in which the solution resistivity 
was kept constant and the per cent 
solid material, and consequently the 
formation factor, was varied. The data 
show the effective decrease in the re- 
sistivity of the slurry and consequent 
decrease in apparent formation factor 
as the percentage of conductive solids 
in the slurry is increased. Data from 
this table, plotted in Fig. 1, show an 
apparent linear relationship between 
per cent solids by volume and the con- 
ductivity of the solid phase for a series 
of slurries having a constant solution 
resistivity. A linear relationship indi- 
cates that the conductivity of a unit 
volume of the clay is constant irrespec- 
tive of the total volume of clay in the 
slurry. 

Table IV gives the data for a repre- 
sentative series of slurries containing 
both conductive and nenconductive sol- 
ids, the percentage of conductive solids 
by volume varying from 22.8 to 100 per 
cent. In this series, measurements were 
first made on a slurry containing only 
fuller’s earth followed by measurements 
of the slurry modified by adding incre- 
ments of powdered silica. The value for 
resistivity of the conductive solids, p,, 
given in the table is that calculated by 
application to these data of the rela- 
tionship: 


ee es ee) 
Paya Ps F Fp. 
where, p,.= resistivity of slurry, 


Ps = resistivity of conductive 
solids, 

N = fraction of solids, by 
volume, that are conduc- 
tive, 

x = an arbitrary exponent, 

F = true formation factor, 

9. = resistivity of solution. 


The validity of the relationship is 
shown by the relative constancy of the 
calculated value of p, given in Table 
IV. Besides the data given, this rela- 
tionship was further confirmed by cal- 
culations on eleven additional slurries. 
The value of the exponent, x, was found 
to be approximately equal to one, 
doubtless because of the rather uniform 
distribution of the conductive and non- 
conductive solids. 
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It should be recognized that the cal- 
culated resistivity of the fuller’s earth, 
ps, is only a relative value and is not a 
value for the resistivity of the clay when 
dry. The conductivity of the clay when 
in an aqueous system results in part 
from dissociation of the clay minerals. 
This dissociation is a function of the 
number and types of exchangeable 
ions on the clay, the extent of disper- 
sion of the clay, the particle size, and 
other factors. The calculated value of 
conductivity is thus only a true value 
for the particular conditions under 
which the resistivity measurements are 
made. 


EFFECT OF CONDUCTIVE 
SOLIDS ON LOG 
INTERPRETATION 


True Formation Factor 

It is clear that if reservoir rocks con- 
tain conductive solids the formation fac- 
tor calculated from the ratio of the 
resistivity of the invaded zone, p;, to 
resistivity of the mud filtrate, p,,;, (or 
the more common relation for a water 
sand, p/p. where p, = true resistivity 
of the sand and p, = resistivity of the 
connate water), is an apparent forma- 
tion factor which may differ consider- 
ably from the true formation factor. 


It is an essential for reliable log in- 
terpretation that the true formation 
factor be obtained. For 100 per cent 
water-bearing sands an expression for 
the true formation factor may be de- 
rived from log data as follows: 


Since p; has been shown to be con- 
stant, we have, 


at 1 i i} i 
+ 


= = + 
Pea Pe i= Mpa 
] 1 iE 1 1 
Pwa Pr Pw Pr Fp. 


By difference, 


r ( Pmt = Pe ) Pwa Pia 
a (Pia — Pwa) Po Pmt 


Where, pm: = mud filtrate resistivity, 
p. = formation water resistiv- 
ity, 
py = true resistivity of the 
water-bearing formation 
(with solid conduction 
eliminated) , 
Pwa == true resistivity of the 
water-bearing formation 
«from log data, 

Pia = true resistivity of in- 
vaded zone from log 
data, 

p; = true resistivity of the 
invaded zone (with sol- 
id conduction — elimi- 
nated, 


true formation factor. 


jee 


The true 
gas-bearing 
ductive solids cannot be calculated in 


formation factor of oil or 
reservoirs containing con- 


this manner since the presence of hy- 
drocarbons precludes a value for pwa 
being obtained directly from the log. 
The true formation factor of such res- 
ervoirs must be extrapolated from ad- 
jacent water sands or from the reser- 
voir rock below the oil-water contact if 
such a contact exists. Such an extrapo- 
lation must first be justified in the light 
of geologic conditions. 


Resistivity Index 

The resistivity index of a formation 
will also be modified by the presence 
of conductive solids. For example, the 
resistivity of the Stevens sandstone con- 
sidered above theoretically could not 
exceed 37.5 ohm-meters, even in the 
event of all the available pore space be- 


Table IV 


Data for Slurries Containing Different Percentages of Both 
Conductive and Nonconductive Solids 


Percent solids by volume (1—P).100. . 4.350 5 
Percent solids that are conductive, N . 100 79. 
Water resistivity (P¢)............... 57.5 53. 
Apparent formation factor, Fa....... 0.813 0. 
Formation factor (F=P-'6) 1.073 1 
Measured resistivity of slurry (wa)... 46.7 45 
Resistivity of solid phase (of)........ 217 215 
True resistivity of slurry ((w=Foc).. . 59.6 58. 
Resistivity of conductive solids (®s)... 14.7 14. 


NI SOO RNR 


rary 


oe 
wo 


7.74 10.90 13.85 16.65 
54.2 37.1 28.2 22.8 
51.6 46.9 44.1 42.5 

0.847 0.924 0.998 1.06 

1.138 1.203 1.269 1.339 
43.8 43.3 42.8 45.0 

211 202 187 215 
58.6 55.3 55.8 56.8 
13.7 11.7 11.0 12.4 


All resistivities in ohm-meters 
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IG. 1 — RELATIONSHIP BETWEEN VOLUME OF CONDUCTING SOLIDS AND APPARENT SOLID 
CONDUCTIVITY IN AQUEOUS SLURRIES OF CONSTANT SOLUTION RESISTIVITY. 
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FIG. 2—EFFECT OF CONDUCTIVE SOLIDS ON THE RESISTIVITY INDEX-SATURATION | 
RELATIONSHIP IN STEVENS SANDSTONE CORE, ASSUMING p,/Fp. = SATURATION™. 
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ing occupied by oil. Thus the maximum 
apparent resistivity index of this forma- 
tion will also be relatively small. 


The water saturation-resistivity index 
relationship for the Stevens sandstone 
core examined is shown in Fig. 2, when 
pe = 0.3 ohm-meters, p; = 37.5 ohm- 
meters and F = 30.6. The curves are 
drawn on the assumption that the re- 
sistivity index = 1/S", where n= 2, 
the value customarily assumed in log 
interpretation. The upper curve is the 
one obtained if there are no conductive 
solids or if the influence of conductive 
solids is eliminated by computation. 
The lower curve is based on the forma- 
tion resistivities at various saturations 
which would obtain if the effect of 
conductive solids were ignored, and is 
calculated from the data given above. 
It may be noted that one effect of con- 
ductive solids is to give a resistivity 
index-saturation curve which could be 
interpreted in terms of variable and 
spuriously low values of the index n. 


CACULATION OF AMOUNT 
OF CONDUCTIVE SOLIDS 
IN FORMATIONS 


In consideration of the relationship 
found for reservoir rocks discussed 
above, there appears to be no theoreti- 
cal objection to extending the relation- 
ship established for slurries to include 
reservoir rocks. If this is true, a figure 
expressing the approximate percentage 
of shale or clay in reservoir rocks can 
be calculated in those cases where the 
electric log data permit the derivation 
of the true formation factor, F, the 
resistivity of the conductive material as 
distributed in the core, p;, and the re- 
sistivity of the shale or clay in the for- 
mation, p;. The latter resistivity may be 
assumed, to a first approximation, as 
the resistivity of the shales in the sec- 
tion adjacent to the sand investigated. 


For example, using the value of pp = 
37.5 ohm-meters for the Stevens sand- 
stone obtained above and taking the 
average value of 2 ohm-meters from 
electric logs as the resistivity of adja- 
cent shale, the calculated per cent of 
solids in the core that are conductive 
is found to be 5.6 per cent by volume 
if Equation (2) is used. It is assumed 
that the distribution of conductive and 
nonconductive solids is such that x ~ l. 
The extent of the variation of x for 
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rocks and the practical applicability of 
Equation (2), has not yet been estab; 
lished. 


SUMMARY 


Several cores of reservoir rocks and 
a large number of slurries were studied 
and it was found that when conductive 
solids, such as wet clays, are present in 
the cores the calculated or apparent 
formation factor is less than the true 
formation factor. The true formation 
factor is defined as the formation fac- 
tor that the rock would have if none 
of the solids in it were conductive. The 
apparent formation factor is thus not 
constant but decreases as the resistivity 
of the saturating fluid is increased. 


It was established that the over-all 
conductivity of a core is the sum of 
the quotient of the true formation fac- 
tor and the conductivity of the inter- 
stitial fluid and the apparent conduc- 


92) - 


tivity of any conducting solid material 
as distributed in the core. The conduc- 
tivity of conducting solid materials ap- 
pears to be essentially independent of 
the conductivity (salinity) of the inter- 
stitial fluid in the core. 

Attention is called to the errors 
which may be made in the determina- 
tion of formation factor and resistivity 
index from electric log data if the ef- 
fects of conductive solids are not con- 
sidered. 

A method of determining the approx- 
imate quantity of conductive solids 
present in reservoir rocks when basic 
data can be obtained from the electric 
log is proposed and an example given. 
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SQUEEZE CEMENTING OPERATIONS 


GEORGE C. HOWARD, MEMBER AIME, AND C. R. FAST, STANOLIND OIL AND GAS CO., TULSA, OKLAHOMA 


ABSTRACT 


Laboratory and field testing of va- 
rious ‘squeeze cementing techniques and 
materials revealed that many improve- 
ments could be made in squeeze ce- 
menting operations. The use of a slow- 
pumping squeeze cementing procedure 
permitted the control of the quantity of 
cement displaced into a formation and 
aided in obtaining a high final squeeze 
pressure. Field testing indicated the 
desirability of obtaining. high final 
squeeze pressures, the need for im- 
proved formation breakdown fluids, and 
the necessity of controlling the pres- 
sure differential during testing after a 
squeeze job. 


INTRODUCTION 


During the past few years, squeeze 


- cementing operations have been investi- 


gated, both from the theoretical as well 
as the practical point of view, in an 
effort to arrive at some solution to the 
many and varied problems that arise 


with this type of operation. A review 


of well files indicated that in many in- 


stances, wells were being squeeze ce- 


mented four and five times before a 
satisfactory pressure buildup was ob- 
tained. There seemed to be consider- 
able variation in opinion as to the 
proper method of squeeze cementing, as 
well as disagreement as to the proper 

Manuscript received at the office of the Pe- 
troleum Branch September 29, 1949. Paper 


presented at the Petroleum Branch meeting in 
San Antonio, October 5-7, 1949. 
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breakdown agent, the quantity of ce- 
ment that should be used, type retainer 
and length of WOC* time that was 
necessary. Consequently, it was deemed 
advisable to approach this problem the- 
oretically, field testing each idea devel- 
oped in hopes of eventually arriving at 
a squeeze cementing procedure that 
would give reasonable assurance of a 
successful job after one squeeze ce- 
menting operation. This investigation 
was, therefore, divided into two broad 
headings: (1) 
which include both theoretical and lab- 
oratory studies, and (2) Field investi- 


Preliminary _ studies, 


gations to determine the proper squeeze 
cementing methods. 


PRELIMINARY STUDIES ; 


Overburden Pressure Studies 


Squeeze cementing problems are so 
intimately related to the earth’s over- 
burden pressure that solutions to them 
are very difficult, if not impossible, 
without an understanding of the nature 
and magnitude of the overburden pres- 
sures encountered at the depths of pro- 
ducing wells. It was thus felt that the 
first approach to research on squeeze 
cementing should be made through a 
study of these pressures. 


Since there has been rather loose 
usage of a number of the terms related 
to overburden pressure by different 
writers, the terms to be subsequently 
used are defined here. 


* Waiting on cement. 
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Theoretical overburden pressure is 
the calculated pressure at any given 
depth exerted by the theoretical weight 
of overlying formations as calculated 
from the average rock density. 


Fluid displacement pressure is that 
pressure at which fluid can be injected 
into a formation after it has been brok- 
en down. It may be more or less than 
the theoretical overburden pressure. 


Formation breakdown pressure is 
that pressure at which a formation 
parts or breaks and is usually thought 
of as fluid displacement pressure plus 
rock strength. 


Breakdown agent is that fluid with 
which the formation is fractured. 


The first step in the study of the 
earth’s overburden pressures involved a 
review of pertinent technical literature. 
The general opinion expressed was that 
the overburden pressure gradient of the 
earth’s formations is roughly 1.0 psi per 
foot of depth, and that application of 
sufficient pressure to stratified forma- 
tions will cause them to part at or 
parallel to the bedding planes. 


The second step in the study of over- 
burden pressures involved a study of 
available well data in an effort to ob- 
tain some definite information as to 
the actual values experienced in the 
field. for the above mentioned terms. 
Data from 115 cement squeeze jobs in 
the Gulf Coast area and 46 cement 
squeeze jobs and acid jobs in the West 
Texas-New Mexico area were closely 
analyzed. 

The analysis of these data showed 
that the average formation breakdown 
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pressure prior to squeeze cementing was 
less than 1.0 psi/ft of depth. The fluid 
displacement pressures, however, va- 
ried so greatly with depth due to struc- 
tural stresses in the earth and elasticity 
of the earth’s formations, that they 
could not be defined in general terms. 
For example, they were found to vary 
from 0.75 to 1.11 psi/ft at 2,000 ft, 
and from 0.57 to 0.85 psi/ft at 8,000 ft. 
Neither formation breakdown nor fluid 
displacement pressures varied linearly 
with depth. In general, it was found 
that the effective overburden pressure 
at a given depth, as determined from 
field data, was less than the theoretical 
pressure or the pressure calculated 
from the rock densities. This discrep- 
ancy can probably be best attributed to 
two factors. During the injection of 
fluid into a fracture in a formation, the 
entire overburden probably is not ac- 
tually lifted by the injected fluid. The 
forces exerted in injecting the - fluid 
probably tend to deform the rock in 
the vicinity of the fracture by a com- 
bination of bending and compressing, 
such that the actual overburden weight 
resisting deformation is measured from 
the formation fracture to some neutral 
plane well above it. The second factor 
tending to reduce the fluid injection 
pressure, as compared to the theoreti- 
cal overburden pressure, is the struc- 
tural position of the formations above 
the fracture. In some cases it is believed 
that the structure of the formations 
above the fractured section of the well 
bore may tend to support by beam or 
arch some of the weight of the over- 
burden. 


Some of the more pertinent data ob- 
tained from the review of available 
well files are plotted on Fig. 1, which 
presents the average formation break- 
down: pressures and average fluid injec- 
tion pressures for the Gulf Coast and 
West Texas-New Mexico areas. Fig. 2 
presents a comparison between the the- 
oretical overburden pressures (rock 
density method) and the fluid displace- 
ment pressures obtained from field 
data. Shown also is a comparison of 
the corresponding overburden pressure 
gradients. The reasonably close agree- 
ment between the theoretical overbur- 
den pressure and the average field data 
at the shallow depths probably explains 
why many observers have concluded 
that 1 psi/ft of depth is applicable to 
deep well squeeze cementing operations. 
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It is interesting to note that, while the 
161 wells used in the initial survey rep- 
resent only a small portion of the total 
number of wells that have been squeeze 
cemented, the data obtained from these 
wells have been proved by subsequent 
field testing to be reasonably accurate, 
thus affording a means of estimating 
the breakdown and injection pressures 
that will be encountered during squeeze 
cementing operations. 

While the information obtained in 
this theoretical investigation of pres- 
sures encountered in squeeze cement- 
ing operations did not offer any defi- 
nite proof of what actually takes place 
down a hole, it did show that the pres- 
sures encountered on squeeze cement- 
ing jobs are sufhcient to fracture and 
subsequently displace the fluid being 
squeezed out into the formation. This 
preliminary investigation indicated a 
definite need for extensive laboratory 
and field testing to establish whether 
or not cement is forced out into forma- 
tions during the squeeze cementing op- 
erations. The answer to this question 
would permit steps to be taken to con- 
trol the penetration of the cement slur- 
ry into the formation, which should in- 
crease the effectiveness of squeeze ce- 
menting operations. It was in an effort 
to obtain an answer to this last ques- 
tion that the next series of investiga- 
tions was made. 


Laboratory Shallow Well 
Experiments 


During the past several years an ex- 
tensive research program on squeeze ce- 
menting has been conducted with the 
objective of improving squeeze cement- 
ing operations. The initial portion of 
this program involved test work in wells 
at very shallow depths. A_ relatively 
hard sandstone was found a few feet 
below the surface in the test wells, mak- 
ing extensive testing of various cement- 
ing operations possible. These wells 
were drilled, squeezed using various 
techniques, and later excavated to ob- 
serve the results. 

Among the questions to be answered 
before improved squeeze cementing pro- 
cedures could be recommended were: 


1. Where does cement go during a 
squeeze job? 

2. Where does cement go during suc- 
cessive squeeze jobs? 

3. Should mud or water be used to 
break down formations prior to 
squeeze cementing? 

4, Can cement be spotted at any de- 
sired elevation in the formation ? 

5. Will the cement that is forced out 
horizontally completely surround 
the well bore? 


Average Formation 
Breakdown Pressure 


Averagé Fluid 
Displacement Pressure 


PRESSURE, thousands of psi 


O 2 4 6 


8 10 12 14 


DEPTH, thousands of feet 


FIG. 1 — AVERAGE FIELD BREAKDOWN AND DISPLACEMENT PRESSURES. 
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PRESSURE, thousands of psi 


6. Can perforations in casing be 
readily plugged by- squeezing ce- 


ment ? 


7. How can the quantity of cement 
placed out in the formation be 
controlled ? 


The ability to answer these questions 
by laboratory shallow well tests de- 
pended entirely upon the assumption 
that the results so obtained would at 
least reflect the behavior of cement 
slurries on squeze jobs at dépths en- 
countered in the field. How these shal- 
low well tests compare with the actual 
behavior of cement in field practice is 
difficult to determine. The first impres- 
sion is that, owing to the great differ- 
ence in pressure at 10 ft and 10,000 ft. 
the behavior of cement slurries squeezed 
out at different levels should be en- 
tirely different. However, a comparison 
of the results of shallow well tests with 
the results obtained in coring two deep 
wells, discussed later in this paper, sug- 
gests that certain parts of the shallow 
well experiments reflect fairly accurate- 
ly the actual behavior of cement slur- 
ries during field squeeze cementing 
operations. 


The first point investigated in the 
shallow well tests was the question of 
where cement goes during a squeeze 
job. There are three main schools of 
thought on this question. One group 


Theoretical 
Pressure 
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holds that cement slurry squeezed 
against formations tends to compress 
soft sands and shales around the well 
bore thereby enlarging it. The pressure 
buildup at the end of the job is be- 
lieved to be a result of maximum com- 
paction of the formations. The second 
group believes that cement slurry 
squeezed in a well tends to follow a 
vertical path behind the primary ce- 
ment job displacing any mud and mud 
filter cake present, with the pressure 
buildup being a result of both filling 
the space behind the pipe and dehydrat- 
ing the cement against the formation. 
The third group holds that formations 
are fractured before injection of the ce- 
ment and that the pressure buildup 
at the end of the job is a result of 
dehydration of the slurry in the frac- 
ture and about the well bore. In actual 
field practice probably all three schools 
of thought are partially valid with no 
one theory being entirely correct. How- 
ever, shallow well experiments, that 
will be described later, gave evidence 
of only limited vertical movement of 
the cement slurry behind the pipe with 
a predominance of the cement being 
forced into the previously fractured for- 
mation in sheets or pancakes about the 
well bore. 


Several shallow wells were squeeze 
cemented in an attempt to clarify this 
point. The first well was drilled to a 


Overburden 
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FIG. 2 — COMPARISON OF THEORETICAL OVERBURDEN AND FLUID DISPLACEMENT PRESSURES. 
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depth of 914 ft with 3-in. casing set at 
7 ft in solid sandstone. The formation 
was broken down with water at a maxi- 
mum pressure of 850 psi and 15 sacks 
of standard portland cement slurry 
were squeezed into the formation. A 
maximum squeeze pressure of 1500 psi 
was obtained. Before and after the 
squeeze cementing operations, ground 
elevations were taken at four stations 
spaced at 90° five ft from the test well. 
The following tabulation 
results of this test: 


shows the 


Table I 


Effect on Ground Elevations 
of Squeezed Cement 


Rise in Ground 


Location Elevation 
Northwest Of welliai.as.m6. os ese .430-inches 
Northeast of Well......-............... 586 
Southwest of Welles). 8 ols... S cn 943“ 
Southeast.of. Welle #3) veers es .860 <“ 
Average Rise in Ground Elevation....... 740 “ 


These data strongly indicate that tue 
cément slurry was squeezed out in a 
horizontal sheet or “pancake” parallel 
to the bedding planes and actually 
lifted the overburden. This proved to be 
the case when this well was excavated 
to observe the results. A cement pan- 
cake 14% in. to 2 in. thick, with a lat- 
eral spread of 360° around the well 
bore, was found just below the casing 
seat. This cement spread laterally from 
the well bore more than five ft (extent 
of the excavation) in all directions. 
Fig. 3 shows a sample of the cement 
pancake in a piece of the hard sand- 
stone removed four ft from the well 
bore. 

A total of 15 shallow wells were 
squeeze cemented during this series of 
laboratory tests, and in each case the 
cement spread horizontally from the 
well in relatively thin sheets approxi- 
mately parallel to the bedding planes. 
If a zone of weakness such as a clay 
streak or bedding plane was encoun- 
tered, the cement followed this zone of 
weakness. In some instances vertical 
fractures, which were generally believed 
to be caused by weathering, were en- 
countered a few feet from the well bore 
and the cement followed these fractures. 
In only a few instances was any Ce- 
ment forced vertically between the cas- 
ing cement and the formation. In these 
test wells only a small portion of the 
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total cement slurry was lost in this 
direction, with the major portion of 
the cement slurry being displaced hori- 
zontally into the formation. This lack 
of vertical movement of cement slurry 
is probably accountable to the fact that 
good primary cement jobs were ob- 
tained in all test wells. In no case was 
the formation noticeably compacted or 
squeezed back, nor was the cement 
slurry forced into the interstices of the 
sandstone. 


After determining in these shallow 
well tests that the majority of the 
squeezed cement slurry traveled in a 
horizontal direction from the well bore. 
the question arose as to where the ce- 
ment goes when a well is squeezed and 
resqueezed at the same level. To investi- 
gate this problem a well was drilled 
to a total depth of 7 ft, 3-in. pipe set 
and cemented, and the well deepened 
approximately one foot. This well was 
squeeze cemented three times with dif- 
ferent colored cement for purposes of 
identification. Red slurry was used on 
the first job, after breaking down with 
water, and nearly a cubic foot of slur- 
ry was displaced at a pressure of 50 
psi before the pressure built up to ap- 
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proximately 500 psi. The following day 
the hole was cleaned out, the formation 
again broken down, and approximately 
14% cu ft of yellow colored cement 
slurry was squeezed out at 20 psi be- 
fore the pressure increased to 500 psi. 
The third squeeze job was performed 
approximately four hours later after 
drilling out the cement plug and break- 
ing down the formation a third time 
with water. Black cement slurry was 
squeezed into the well at 30 psi, and 
after 144 cu ft of slurry had been 
placed, the pressure again increased 
to 500 psi. Subsequent excavation of 
this well showed that the cement slurry 
exhibited a general tendency to follow 
the squeezed cement of previous jobs. 
Figs. 4 and 5 are photographs taken 
after excavation of the well. The ce- 
ment pancake observed in Fig. 4 is 
composed of a layer of red and yellow 
cement. The only evidence of black ce- 
ment, the third squeeze job, is a thin 
layer at the extreme left of this photo- 
graph and about 3 in. above the main 
layer of cement. After taking this pic- 
ture, further excavation revealed more 
streaks of black cement, the majority 
of which were between the other two 


Table II 


layers, as is shown in Fig. 5. Other 
shallow wells subsequently squeeze ce- 
mented two or more times in the same 
interval exhibited a general tendency 
for the cement slurry to follow the same 
zone of weakness as did the cement of 
the first job. While these shallow well 
tests may ‘not exactly represent what 
happens on_a typical field squeeze ce- 
menting job, it is believed that these 
results do indicate the general behavior 
of a cement slurry on a deep well 
squeeze cementing job. 

The question of whether water or 
mud should be used to break down a 
formation preceding a squeeze job has 
been asked many times. In view of 
the importance of this question, a num- 
ber of shallow wells were utilized to 
evaluate this point. 

When considering only the effects of 
the breakdown agent on the cemeim 
squeezed out into a formation, the ad- 
vantages of water over mud were ap- 
parent early in the testing program. 
For example, shallow well tests showed 
that 
down with water prior to squeezing 


when formations were broken 


Representative Data from Field Squeeze Cementing Tests 


Formation Breakdown Fluid Displacement Final 
Depth Breakdown Pressure, psi Pressure, psi Type Pumping Squeeze Number 
Well Ft Agent 7 2 Used Bottom Hole Sacks Remarks 
Field Calculated Field Calculated Pressure, psi Used 
Experimental 
ne Test = Mad 
Well No. 1 9 u 9850 7800 8350 6800 Hesitation 8900 89 Core indicated vertical pancake. 
2 2635 Mud 2600 2600 1800 2200 Hesitation 2705 137 Packer loosened. Core showed_hori- 
zontal pancake. 
3 6020 Mud 4900 4900 4400 4300. Hesitation 9428 87 3500’ tabing left full of cement. 
4 6030 Mud 5050 4900 4400 4300 Slow Pumping 8025 112 Old tubing split at maximum squeeze 
pressure. 
5 6030. Mud 4925 4900 4200 4300 Slow Pumpin 8050 127 J $s 
6 6000 Mud 4730 4900 4350 4300 Slow Piusbiae 8060 129 Ne foes Mtge gees” 
7 6015 Water 4500 4900 4100 4300 Slow Pumping 7750 112 50% water on DST. 2500 psi differ- 
ential pressure on DST. 
8 6015 Water 5000. 4900 3750 4300 Slow Pumping 8164 115 50% water on DST. 2500 psi differ- 
3 tial DST. 
9 6018 Water 5300 4900 4800 4300 Slow Pumping 8444 117 jot sGoeeesin we oDST. 
10 6079 Water 4740 4900 4000 4300 Slow Pumping 8659 117 Job successful. 5000’ water cushion on 
DST. 
11 6096 HCl + HF 4240 4900 3240 4300 Slow Pumping 7400 80 Pl t drilled 
12 6023 HCl -+- HF 5000 4900 4600 4300 Slow Pumping 10500 40 Dey DST. 4800" hee on 
DST. 
13 6061 HCl -++ HF 4645 4900 4445 4300 Fast Pumping 9000 50 Successful squeeze. 4500’ water cushion 
ST. 
14 6048 HCl + HF 4714 4900 3700 4300 Slow Pumpin 8630 80 Plug drilled 
15 6078 HCl -- HF 4835 4900 3834 4300 Slow Pimaping 7335 75 S) atieare 
16 6067 HCl + HF 4230 4900 3530 4300 5 Pumping 150 Pee ae pg 
} ow Pumping 7030 135 D DST. 4500’ ion. 
ui oe HCl + HF 4230 4900 4300 Slow Pumping 7600 120 N Su gedivine PLO rae 
ee a ly HCl + HF 4830 4900 3030 4300 Slow Pumping 7630 95 Now producing PLO. 
: HCl + HF 4480 4900 3430 4300 Slow Pumping 8130 45 Now producing PLO. 4500’ water cush- 
; i DST. 
20 6079 HCl ++ HF 4230 4900 3330 4300 Fast Pumping 150 Closes jarusiees lst stage. 
Fast Pumping 150 Cleared perforations 2nd stage. 
Slow Pumping 7830 130 High final squeeze pressure obtained. 
ae DST. 2500 psi differential on 


PLO—Pipe line oil 
DST—Drill stem test 
HCl—Hydrochloric acid 
HF —Hydrofluoric acid 


56 


PETROLEUM TRANSACTIONS, AIME 


Vol. 189, 1950 


GEORGE C. HOWARD AND C. R. FAST T.P. 2795 


cement, the cement bonded firmly and 
set hard against the formation. Figs. 
SANDSTONE 3, 4 and 5, discussed previously, illus- 
trate this point. Squeeze jobs in 5 
shallow wells, where the cement was 
squeezed through perforations, indi- 
cated that water as a breakdown agent 
is more satisfactory than mud in ob- 
taining perforation shutoffs. Water was 
used as a breakdown agent in 4 wells 
involving multiple squeeze cementing 
| operations on 43 perforations. Only one 
SANDSTONE : of these perforations was not sealed by 
the cement slurry. Mud was used as a 
breakdown agent in 3 wells involving 
e multiple squeeze cementing operations 
FIG. 3 — SAMPLE OF CEMENT PANCAKE FROM SHALLOW WELL. on 21 perforations. Of these 21, four 
were found to be open when exacava- 
tions were made to observe the results. 
A summation of these shallow well 
tests showed that approximately 98 per 
cent of the perforations broken down 
with water and squeezed with cement 
were sealed, as compared to an ap- 
proximate 80 per cent shutoff attained 
on those squeeze jobs where the for- 
mation was broken down with mud. 


. In considering the possible applica- 
BLACK CEMENT : ~ tion of these data to field usage, it 
(THIRD sop) . : : should be remembered that the use of 
water as a breakdown agent presents 
the possible hazard of a partial drown- 
ing of the producing formation. An- 
other objection to the use of water to 
break down formations is that it may 
not fracture highly permeable zones. 


Mud, on the other hand, will break 
down highly permeable formations, and 
in field usage is believed to be less 
likely to damage oil sands, especially 
if the mud has low-water-loss charac- 
teristics. The injection of mud ahead 
of cement on squeeze jobs is likely to 
fracture the formation a greater lateral 
distance than would water. However, 
the mud film left on the face of the 
formation and on the primary cement 
sheath will tend to prevent a tight bond 
between the squeezed cement, cement 
sheath, and the formation. Experimental 
squeeze jobs in shallow wells at the 
laboratory, where the effects of break- 
ing down formations with mud were 
demonstrated, showed that cement will - 
not bond to a cement sheath or sand 
face covered with mud. Examples of the 
effects of mud on bonding characteris- 
tics are shown in Figs. 6 and 7. 


FIG. 4 — EXCAVATED SHALLOW WELL SHOWING LOCATION OF SQUEEZED CEMENT. 


This preliminary shallow. well test 


work suggests that formations should 


f ; fear 
FIG. 5 — RELATIVE LOCATION OF CEMENT PANCAKES ON THREE SUCCESSIVE SQUEEZE JOBS. be broken down with water in prefer 
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ence to mud before squeeze cementing 
in those cases where the formation 
characteristics are such as to permit its 
use; that is, where there is no danger 
of water blocking the pay and where 
the permeability is sufficiently low to 
permit fracturing with water. A low- 
water-loss mud would be preferable to 
water for use as a breakdown agent 
preceding squeeze jobs in formations 
susceptible to water blocking or in 
formations of high permeability. 


Since neither mud nor water ap- 
pears to be a satisfactory breakdown 
agent prior to squeezing cement in all 
formations, each material having cer- 
tain advantages and disadvantages, the 
question is raised as to what would be 
an improved breakdown agent. Theo- 
retically it appears from a study of the 
above mentioned shallow well tests that 
a low-water-loss cement would be a 
good material for this use since it would 
not possess the disadvantages of either 
water or mud. 


The objective of some squeeze jobs 
is to displace the cement slurry into the 
formation at a given elevation to pre- 
vent the vertical migration of undesir- 
able fluids. In order to determine the 
probability of success of this type of 
operation, a number of shallow well 
squeeze jobs were conducted. 


Two methods were utilized to accom- 
plish this purpose. In one method a 
special tool was used to V-notch the 
formation before it was broken down, 
to determine if the breakdown and sub- 
sequent cement pancake would be 
formed in the notch. Two squeeze jobs 
were conducted in a well under these 
conditions. In a second method, con- 
sisting of high density shooting, the 
casing was perforated at the desired 
level with 12 shots, approximately 30° 
apart, in a 2-in. band. Following this, 
the formation was broken down and 
the well squeeze cemented. Excavation 
of these two wells revealed that both 
of these attempts failed in their pur- 
pose. The cement pancake was oppo- 
site neither the notches nor the per- 
forations because formation weaknesses 
found in both wells allowed the frac- 
ture to be formed more easily at other 
than the desired elevation. 


' These two wells demonstrated that in 
order to spot a cement pancake at a 
desired elevation, the formation must 
be relatively homogeneous. Due to the 
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fact that such formations are seldom 
encountered in the field, the breakdown 
agent and the cement slurry will be 
squeezed out into the isolated section 
of the formation at the weakest point, 
whether it be a notch in the forma- 
tion, a bullet hole, or a weakness 
caused by a bedding plane or a soft 
streak in the formation. 


Subsequent shallow well 
jobs through perforations in pipe, where 
the formation was relatively homogene- 
ous, indicated that the cement slurry 
entry point into the formation could be 
controlled by the elevation of the per- 
forations. This was demonstrated in a 
well that was perforated with four shots 
spaced 90° apart at the same elevation 
in homogeneous sandstone. The forma- 
tion was broken down with mud at 550 
psi and four sacks of standard portland 
cement were squeezed into the formation 
with a final squeeze pressure of 2500 
psi. Subsequent excavations revealed a 
horizontal cement pancake with a 360° 
lateral spread opposite the perforations. 


squeeze 


Sometimes it might be desired that 
cement be squeezed so that it will pene- 
trate the formation parallel to the bed- 
ding planes in all directions. This is to 
be desired in cases where the primary 
purpose of the job is to minimize the 
tendency for gas or water coning. In 
view of this problem, work was _per- 
formed to determine whether or not 
cement that is forced out horizontally 
will completely surround the well bore 
when it is squeezed through perfora- 
tions and in open hole. 


GEMENT 


Open hole squeeze jobs were per- 
formed on nine shallow wells with as 
many as three successive jobs in one 
well. In every case a 360° lateral 
spread of cement was obtained and the 
cement pancakes appeared to be of 
better quality and greater thickness 
than those formed by squeezing through 
perforations. 

In order to determine the lateral 
spread of cement squeezed through per- 
forations, three shallow wells were uti- 
lized. Cement was squeezed out 19 per- 
forations, both singly and in sets, with 
a resulting average lateral spread of 
cement of approximately 140° per per- 
foration. A minimum lateral spread per 
perforation of 45° and a maximum of 
270° were noted. 

It appears from the shallow well 
tests that a large number of perfora- 
tions (possibly 10 or 20 shots) at the 
point of squeeze will tend to aid in 
obtaining a uniform squeeze pressure 
on the outside of the pipe. Then if 
formation conditions permit, the 
chances of creating a cement pancake 
parallel to the bedding planes and com- 
pletely surrounding the well bore will 
be improved. 

It has been demonstrated in field 
practice that perforations are some- 
times difficult to plug by squeezing a 
cement slurry. This has been evidenced 
by the fact that many times, several 
squeeze jobs are required to seal. com- 
pletely.one set of perforations. During 
these shallow well tests, squeeze jobs 
were conducted on nine sets of perfora- 


SANDSTONE 


FIG. 6 — EFFECT OF A MUD BREAKDOWN AGENT ON SQUEEZED CEMENT. 
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tions in four wells; five perforations 
were found to be open after squeezing. 
On the other hand, a shallow well that 
was perforated and squeezed five suc- 
cessive times, one perforation at a 
time, had no unplugged perforations. 
An analysis of these test results would 
seem to indicate that, other factors per- 
mitting, a well probably should be 
perforated with as few shots as prac- 
ticable at the time of testing; then, if 
it is found that the perforations must 
be plugged, they could be squeezed off 
with minimum effort. 


Control of the quantity of cement 
placed out in the formation during a 
squeeze job is believed to be very im- 
portant. Field experience has shown 
that on some wells large quantities of 
cement may be readily displaced out 
into the formation before a high final 
pressure is attained. On other wells it 
is difficult to displace any appreciable 
quantity of slurry out into the forma- 
tion before the cement dehydrates and 
the pressure increases. It was found in 
shallow well tests that the quantity of 
cement squeezed out into the formation 


could be controlled to a certain extent 


by a variation in the squeeze cement- 
ing procedure. After the formation was 
broken, down, it was possible to inject 
large quantities of cement slurry into 
the fracture at a relatively low pressure. 
In order to limit the quantity of ce- 
ment placed during these jobs, slow 
pumping or hesitation pumping was 
employed. These procedures consisted 
of placing a predetermined quantity of 
cement in the normal manner, then 
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either slowing or shutting down the 
pumps for short periods to initiate a 
pressure buildup. In this manner it 
was possible in many instances to at- 
tain high final pressures and limit the 
quantity of cement slurry displaced 
even in some of the soft streaks encoun- 
tered in these shallow wells. 


Large quantities of cement were dis- 
placed into the formation by the use 
of low-water-loss cement. This is a spe- 
cial cement that has an API fluid loss 
of less than 100 cc in 30 minutes.* 
Therefore, almost unlimited quantities 
of this cement can be placed without a 
pressure buildup because it will resist 
dehydration. Tests performed in a shal- 
low well permitted the placement of 
40 sacks of this cement, with five shut- 
downs ranging from 5 to 30 minutes 
without a pressure buildup in three 
hours of pumping. Yet when 10 sacks 
of standard portland cement were 
squeezed in a second well under simi- 
lar conditions, the slurry dehydrated in 
30 minutes with a pressure buildup of 
2000 psi. 


A number of shallow well tests were 
conducted using a phenol formaldehyde 
type plastic, with and without inert 
fillers, as a cementing medium. Gener- 
ally speaking, the results of these 
tests were inconclusive due to difficul- 
ties experienced with the setting char- 
acteristics of the plastic at the low 
temperatures found at shallow depths. 
Excavation of these wells revealed that 


* API Code 20 “Recommended Practices on 
Standard Field Procedure for Testing Drilling 
Fluids”. 


FIG. 7 — EFFECT OF MUD BREAKDOWN AGENT ON BOND BETWEEN PRIMARY 
AND SECONDARY CEMENT JOBS. 
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the plastics tested performed the same 
as cement slurries in the seeking of 
zones of weakness and in the formation 
of pancakes. A plastic pancake is il- 
lustrated in Fig. 8. 


Before recommending extensive field 
testing of the improved procedure sug- 
gested by the shallow well squeeze jobs, 
it was deemed advisable to check, un- 
der controlled deep well conditions in 
the field, the applicability of the slow 
pumping or hesitation pumping squeeze 
cementing procedure to field squeeze 
cementing operations, and then by sub- 
sequent coring determine the direction 
of travel of the squeezed cement from 
the well bore. 


Two such tests were performed in the 
Gulf Coast area in wells 9530 and 2635 
ft deep. These tests, performed in a 
3% in. diameter rat hole drilled below 
95, in. casing in the first well and 
1034 in. casing on the second, definite- 
ly indicated not only that the slow 
pumping procedure as used in the lab- 
oratory was workable, but also fur- 
nished additional data for confirmation 
of the previously established overbur- 
den pressure theories. Coring the rat 
holes after the squeeze jobs showed 
that on one well the cement was 
squeezed out the bottom of the rat hole 
in a vertical fracture, while on the 
second the cement was squeezed out in 
a horizontal pancake. These tests illus- 
trated that either type fracture may be 
formed, depending upon the formation 
against which the cement is squeezed. 
The vertical pancake from the well 
9530 ft deep is illustrated in Fig. 9, 
which shows a portion of the core re- 
moved from this well. Fig. 10 shows a 
portion of the core taken from the sec- 
ond well 2635 ft deep, illustrating the 
horizontal pancake. 


FIELD INVESTIGATION TO 
DETERMINE PROPER 
SQUEEZE CEMENTING 

METHODS 


Reviewing the results obtained from 
the preliminary studies, it became ap- 
parent that the ability of a squeeze ce- 
ment job to seal perforations is depend- 
ent upon the bond obtained between 
the squeezed cement and the primary 
cement sheath (see Fig. 7), rather than 
on the quantity of cement that can be 
displaced out into the formation. If the 
squeezed cement does not bond to the 
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primary cement job, such as to prevent 
the entry of well fluids into the casing 
at this point, then all cement squeezed 
beyond this point serves very little pur- 
pose. The initial investigation also in- 
dicated that the quantity of cement re- 
quired to obtain.a high final squeeze 
pressure could be controlled by utiliz- 
ing special squeeze cementing tech- 
niques. 


It is realized that a definite evalua- 
tion of a squeeze cementing procedure 
should be based on the ability of the 
squeeze job to accomplish the desired 
results. However, on many of the 
squeeze jobs conducted during this se- 
ries of field tests, well conditions pre- 
vented a uniform testing program fol- 
lowing each job, making a definite eval- 
uation of the various squeeze cement- 
ing procedures difficult. As past field 
experience has indicated that a large 
majority of the successful squeeze jobs 
was characterized by a high final 
squeeze pressure, it appeared that this 
factor might be used as a criterion for 
judging various squeeze cementing pro- 
cedures. By accepting this line of rea- 
soning, it was then possible to rate a 
given procedure on the number of sacks 
of cement with which a high final 
squeeze pressure was obtained. For ex- 
ample, at the present time only 100 to 
125 sacks of cement are required for 
a squeeze job, as compared to the esti- 
mated 250 or more sacks previously 
used. 


Using these premises as the basis for 
forming an improved squeeze cement- 
ing procedure, a technique was recom- 
mended to the field for trial in several 
wells. The basic assumption was that 
the slow displacement of a cement slur- 
ry, once a breakdown had been ob- 
tained, would aid in the dehydration 
of the slurry, and thus help in com- 
pacting the squeezed cement into the 
perforations to be plugged. This proce- 
dure would allow control over the quan- 
tity of cement to be displaced before 
the final squeeze pressure is obtained. 


To further verify the aforementioned 
slow pumping technique, field tests 
were set up to investigate each of the 
following variables: 


1. Workability of the slow pumping 
or hesitation pumping squeeze ce- 
menting procedure. 

2. Desirability of a high final squeeze 
pressure. 


60 


SQUEEZE CEMENTING OPERATIONS 


3. Type of retainer best suited for 
squeeze cementing operations. 


4. Investigation of formation break- 
down agents. 


5. Required waiting on cement time. 


6. Importance of the differential 
pressure imposed on perforations 
during testing. 

Approximately 160 squeeze cement 
jobs have been conducted in the field 
to evaluate the aforementioned vari- 
ables. Representative data from these 


jobs are included in Table II. 


Slow Pumping Procedure 


The slow pumping squeeze cementing 
procedure used on these field tests con- 
sisted principally of the following steps: 


l. The retainer was lowered into the 
well until it was below the zone or 
perforations to be squeezed. 


2. The proper breakdown fluid was 
circulated to bottom and up into 
the annulus so that it completely 
covered the zone to be squeezed. 


3. The retainer was raised and set in 
the pipe a sufficient distance above 
the perforations to eliminate the 
hazard of dehydrating cement 
around the retainer. 

4. Approximately 150 sacks of ce- 
ment were mixed and displaced 
down the tubing, immediately fol- 
jowing the breakdown agent. 


5. The formation was broken down 
and 50 sacks of cement were 


pumped out into the formation at 
a high pump rate (2 to 3 bbl/ 
min). 

6. The next 50 sacks were displaced 
into the formation at a lower 
pump rate (approximately 1 bbl/ 
min). 

7. If a pressure buildup had not oc- 
curred by the time the third 50 
sacks were started into the forma- 
tion, the pumps were slowed down 

“to a rate of 14 to 14 bbl/min or 
lower as long as the cement was 
kept moving. This very slow pump- 
ing almost always resulted in a 
pressure buildup. Hesitation 
squeezing, or alternate pumping 
and shutting down periods, was 
also found effective, but this prac- 
tice is somewhat hazardous in 
that the cement might gel or set 
while not in motion, and thus re- 
sist further movement up or down 
the tubing or drill pipe. 


8. When the pressure buildup oc- 
curred, as much surface pressure 
was applied as the well equipment 
permitted. The pressure was held 
for approximately one minute be- 
fore reversing out the excess 
slurry. 

Prior to these tests, the field prac- 
tice in many areas was to break down 
the formation with mud and then dis- 
place the cement slurry into the forma- 
tion at as fast a rate as practicable un- 
til a pressure buildup occurred and no 
more cement could be displaced. Fre- 
quently, as many as 250 sacks of ce- 


FIG. 8 — SQUEEZED PLASTIC PANCAKE. 
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ment and several stage jobs* would 
be required to attain thé desired high 
final squeeze pressure. 


An analysis of the fast pumping 


squeeze procedure used by the field, 
and the laboratory experiments previ- 
ously described, suggested that part of 
the cement slurry on a field squeeze 
job was being displaced out into the 
formation away from the well bore. The 
pressure buildup was obtained only 
when sufficient water had been squeezed 
out of the cement slurry to leave a 
solid plug which resisted further move- 
ment and thus caused a buildup in 
pressure. The slow pumping procedure 
aided this rate of water loss by de- 
creasing the displacement rate and al- 
lowing more time for the cement slurry 
to dehydrate. High final squeeze pres- 


*Stage job is defined as one part of a 
squeeze. cementing job on which no pressure 
buildup is obtained with a predetermined quan- 
tity of cement. The perforations are subse- 
quently cleared of cement in preparation for 
the next stage. This process is repeated until 
the desired high final squeeze pressure is 
obtained. 


GEORGE C. HOWARD AND C. R. FAST 


sures were thus obtained with much 
smaller volumes of cement than had 
previously been possible. 


Well conditions on eighteen squeeze 
cementing jobs, all conducted at depths 
of approximately 6000 ft, permitted an 
evaluation of the desirability of obtain- 
ing a high final pressure. Nine of the 
eighteen tests resulted in successful 
jobs, and the other nine failed to shut 
off all perforations. The bottom hole 
squeeze pressures of the successful jobs 
averaged 10,100 psi, or 7600 psi differ- 
ential, while those of the unsuccessful 
jobs averaged only 7900 psi, or 5400 
psi differential. Of course many other 
factors entered into the determination 
of success or failure of these jobs, but 
the over-all difference in final squeeze 
pressures is believed to be significant. 


At the present time field practice in 
some areas has indicated that a final 
bottom hole squeeze cementing pressure 
equal to well depth x 1.0 + 2000 psi 
is generally giving satisfactory results. 
However, limited field experience has 


FIG. 9 — CORE FROM 9,530 FT WELL SHOWING VERTICAL CEMENT PANCAKE. 
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indicated that bottom hole pressures as 
high as well depth x 0.6 + 5000 psi 
may be required in shallow: wells for 
satisfactory jobs. (See Fig. 11). 


During these field tests a study was 
made to determine if drillable or re- 
trievable cement retainers affected 
squeeze jobs differently, or if one type 
of retainer would be preferable to the 
other. At the beginning of these obser- 
vations it was the thought that the drill- 
able type retainer might be superior to 
a retrievable retainer in that it pro- 
vided a means for retention of the full 
final squeeze pressure on the slurry 
during the entire curing period of the 
cement. The use of a retrievable type 
retainer, however, required that all of 
the surface pressure be bled off before 


starting the retainer out of the well. An 
investigation of 109 squeeze jobs, where 
a retrievable retainer was used, revealed 
that only 12 of these jobs were failures. 
Considering the many other factors that 
could have contributed to the 12 fail- 
ures, it is difficult to visualize how any 
other type retainer could provide im- 
proved service. It can, based on these 
data and past field experience, be as- 
sumed that both retrievable and drill- 
able type retainers are satisfactory for 
squeeze jobs. 

The field investigation of formation 
breakdown agents involved three mate- 
rials — mud, water, and a mixture of 
hydrochloric and hydrofluoric acids 
(HCl + HF). In order to establish a 
criterion for the three agents, the num- 
ber of sacks of cement required to 
obtain a high final squeeze pressure 
was compared with each breakdown 
agent used. Table III below shows the 
data obtained on these evaluations. 


Table HI 


Effect of Breakdown Agent on 
Quantity of Cement Required 


Avg. Sacks Cement 


Required to Obtain 
No. Jobs a High Final Squeeze 
Agent Used Pressure 
Maid se seeacor: 6 125 
Waterjoticas. 6 126 
HCl-++ HF..... 42 98 


This table indicates that mud and 
water require about the same quantity 
of cement before a satisfactory pres- 
sure can be obtained, but that the mix- 
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ture of hydrochloric and hydrofluoric 
acids appears to be the best breakdown 
agent tested based on the amount of 
cement required to obtain a high final 
squeeze pressure. In view of the encour- 
aging results obtained with this mate- 
rial, and in an effort to improve on 
these results, additional tests have been 
planned with other chemical washes 
for use as improved breakdown agents. 


As no definite criterion had been es- 
tablished for the determination of wait- 
ing on cement time following squeeze 
cementing operations, 24 hours, which 
is accepted by many operators for cas- 
ing cementing operations, was generally 
employed on this series of tests. This 
time was sufficient for every job where 
it was used and could be evaluated. 
Since a WOC time of less than 24 hours 
was successfully employed on some of 
these jobs as well as on other jobs, and 
since the temperatures and pressures 
are more severe than those encountered 
during casing cementing operations, it 
appears that a reduced WOC time may 
be used with reasonable safety. 


By reducing the pressure in the cas- 
ing, the pressure differential effected 
across a section of squeezed off perfora- 
tions was found in some instances to be 
greatly in excess of the pressure that 
would be imposed across the perforated 
interval during the remaining life of 
the well. For example, some wells hav- 
ing producing differentials of 200 to 
300 psi were being tested with differ- 
ential pressures as high as 2500 psi. 
This high differential pressure was ap- 
parently a contributing factor in the 
resulting squeeze job failures. Believing 
that these conditions were unnecessarily 
severe, subsequent perforation testing 
was performed by imposing only as 
much differential pressure on the per- 
forated interval being tested as would 
be imposed during the rest of the pro- 
ducing life of the well. Of the 160 
Squeeze cementing jobs reviewed in this 
investigation, it was possible to obtain 
complete data on the pressures used in 
testing the squeezed perforated inter- 
vals on only eight jobs. Of these eight, 
five were tested by imposing pressures 
comparable to those imposed on the 
well during its producing life. In each 
of the five wells tested the low differen- 
tial pressure tests showed the squeeze 
job to be successful. (See Table II, 
Wells No. 10, 12, 13, 16, and 19.) The 
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remaining three jobs were tested using 
a high differential pressure. Two of the 
three jobs tested showed an unsuccess- 
ful squeeze job, with the remaining well 
testing satisfactorily. (See Table II, 
Wells Nos. 7, 8, and 20.) 


To date, insufficient data are avail- 
able to permit accurate evaluation of 
the cements to be used for squeeze 
work. Fig. 12 illustrates the difference 
between the four bottom hole squeeze 
cementing temperatures obtained to 
date and the casing cementing tempera- 
tures that have been previously estab- 
lished by extensive field tests.* From 
the limited data on hand at this time 
it is believed that bottom hole tempera- 
ture and pressure conditions are much 
more severe for squeeze cementing than 
they are for casing cementing. 


Complete evaluations of all cements 
for squeeze work are planned for the 


* API Code 32 (Tentative). 


future. Until these data are available, 
it is believed that care should be exer- 
cised in selecting cements for squeeze 
cementing operations, since cements 
tend to set more rapidly under high 


temperatures and pressures. 


CONCLUSIONS 


The results obtained from both lab- 
oratory and field investigations may be 
summarized as follows: 


Laboratory Shallow Well Tests indi- 
cated that 


1. Formations break down in any 
existing zone of weakness and a 
cement slurry subsequently 
squeezed into the well enters that 
zone in the form of a sheet or 
“pancake”. 


2. A cement slurry squeezed through 
a perforated section is most likely 


FIG. 10 — CORE FROM 2,635 FT. WELL ILLUSTRATING HORIZONTAL PANCAKE. 
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to enter only those perforations 
adjacent to or communicating with 
the zone of weakness. 


3. Perforations opposite formations 
broken down with water are more 
easily sealed with cement than are 
those opposite formations broken 
down with mud. 


4. The average lateral spread of a 
cement slurry squeezed from an 
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open hole is approximately 360°; 
the spread of cement squeezed 
through perforations is erratic in 
that it varies from 45° to 270° per 
perforation, averaging 140°. 

Field Tests indicated that 


1. The slow pumping squeeze ce- 
menting procedure results 
proved squeeze cementing 


in im- 
opera- 
tions utilizing less cement to ob- 


tain a high final squeeze pressure. 


Pressure= 2000+ 1.0 (D 
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FIG. 11 — FINAL BOTTOM HOLE SQUEEZE PRESSURE. 
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FIG. 12—COMPARISON OF BOTTOM HOLE CASING AND SQUEEZE CEMENTING TEMPERATURES. 
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2. High final squeeze pressures ap- 
pear to aid materially in accom- 
plishing successful squeeze ce- 
ment jobs, although a high final 
pressure does not necessarily in- 
sure plugging of all perforations. 


3. Comparable results are obtained 
with either drillable or retrievable 
cement retainers. 


4. The mixture of hydrochloric and 
hydrofluoric acids appears to be 
a more satisfactory breakdown 
agent than either mud or water. 


5. A waiting on cement time of 24 
hours appears to be ample, with 
some field data indicating that a 
shorter time may be sufficient. 


6. The reduction of pressure in the 
casing during testing may be det- 
rimental to the success of the 
squeeze job, if the resulting dif- 
ferential pressure across the per- 
forated interval is greater than 
that expected during well produc- 
tion. 


FUTURE DEVELOPMENTS 


Although much work has been done 
in the past on the improvement of 
squeeze cementing techniques and mate- 
rials, there still remains a great deal of 
research and development work to be 
accomplished. There are some phases 
of this type of operation where the 
available knowledge is inadequate and 
others that need improvement. For ex- 
ample, the failure of many squeeze jobs 
to shut off completely all perforations, 
even though high final squeeze pres- 
sures are obtained, shows the need for 
improved squeeze cementing materials 
and procedures which will allow suc- 
cessive plugging of each perforation 
and still afford a means of obtaining a 
high final squeeze pressure. Consider- 
able thought has also been given to the 
possibility of squeezing out into a for- 
mation an impermeable lens or pan- 
cake of cement at selected elevations in 
a well bore to control the migration of 
undesirable fluids into the producing 
well. The lack of definite measurements 
of bottom hole squeeze cementing tem- 
peratures represents another limitation 
of our present squeeze cementing know- 
how. The solution to these and other 
equally important problems will un- 
doubtedly permit further improvements 
in squeeze cementing operations. 
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ABSTRACT 


A detailed description is given of an 
experimental method for determining 
relative permeability of porous media 
to gas. Results are presented for nat- 
ural and synthetic cores. The experi- 
mental data for two and three phase 
systems are compared. The reproduci- 
bility of the equilibrium gas saturation 
is demonstrated and the effects due to a 
variation in rate of gas flow are dis- 
cussed. An attempt is made to correlate 
total permeability and rock textural 
factors with relative permeability to 
gas. Capillary pressure curves obtained 
simultaneously with the relative perme- 
ability curves are shown to be equiva- 
lent to those obtained in conventional 
displacement cells. 


INTRODUCTION 


The advances in petroleum reservoir 


_ technology during the past decade have 


made increasingly apparent the desir- 
ability of a simple, rapid, reliable meth- 
od for obtaining relative permeability 
data on small cores. Such data are 
needed in order to study fluid mechan- 


ics in porous media and for the more 


refined reservoir behavior prediction 
calculations now under development. 
The early experimental work in this 
field was done by Wyckoff and Botset’ 
who measured relative permeabilities 
for gas-liquid mixtures flowing through 


1 References given at end of paper. 


a Manuscript received at the office of the Pe- 


-troleum Branch October 1, 1949. Paper pre- 


sented at the Petroleum Branch meeting in San 


- Antonio, October 5-7, 1949. 


Vol. 189, 1950 


| 


2 : 


Sy BRASS 


RRQ CERAMIC 
Gl RUBBER B 
E=SWATER 
ERZs]CORE 
FIG. 1 — RELATIVE PERMEABILITY CELt. 
“PETROLEUM TRANSACTIONS, AIME 65 


T.P. 2810 


unconsolidated sands, and by Hassler, 
Rice, and Leeman’ who measured the 
effective permeabilities to gas on small 
Bradford cores saturated with varying 
amounts of stationary liquid. Extensive 
studies have been made by Leverett’ 
and Leverett and Lewis’ on the behavior 
of fluids in packed columns of uncon- 
solidated sand in which the two phases, 
oil and water, and the three phases, oil, 
water, and gas, were flowing in the sand 
simultaneously. Botset’ extended his 
techniques to consolidated Nichols Buff 
sandstone and more recently Morse, 
Terwilliger, and Yuster,’ and Hender- 
son and Yuster’ have developed relative 
permeability apparatus for small core 
samples. Hassler® has patented a method 
and apparatus for relative permeability 
determination which makes use of semi- 
permeable barriers to maintain a pres- 
sure difference between fluid phases. 


The experiments of the above inves- 
tigators may in general be divided into 
two types depending upon whether or 
not a difference in pressure is mechan- 
ically maintained between the gas and 
liquid phases. In the experiments re- 
ported by Botset, Leverett, and Yuster 
et al the gas and liquid are allowed to 
flow through the core at the same pres- 
sure gradient and hence are classified 
as being those in which no difference in 
pressure is maintained between phases. 
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GAS PHASE -AIR 
—O— LIQUID PHASE -GONNATE BRINE = 22.7%, 
ond DECANE 
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Te 


FIG. 2 — CROSS-SECTIONAL VIEW 
OF FLOWMETER. 


In such experiments K, and K, are af- 
fected by the rate of flow.* At low 


*¥For brevity, relative permeability to gas 
will hereinafter be referred to as Kg, relative 
permeability to liquid as Ki, and the equilib- 
rium gas saturation as Keg. 


rates, the end effect is quite pronounced 
and its effect is propagated back into 
the core to an appreciable extent. This 
and other rate effects limit this type 
experiment to a range of flow rates 
which may not correspond to reservoir 
rates. 

To the authors’ knowledge only lim- 
ited data are available which have been 
obtained with the Hassler* method or 
modifications thereof.” In principle the 
elements necessary for establishing and 
maintaining a difference in pressure be- 
tween the flowing phases are present in 
this technique. The geometry of the 
porous rings at the ends of the core, 
however, leaves much to be desired in- 
sofar as uniformity of saturation with- 
in the core is concerned. Moreover the 
auxiliary equipment appears to be un- 
duly complex and not easily adaptable 
for inexpensive routine use. 


The work presented in this paper has 
been directed toward overcoming the 
objections of the Hassler method. A cell 
has been designed which permits the 
maintenance of a pressure difference 
between the two phases, gas and oil; 
the oil phase is held immobile at each 
particular saturation while the gas is 
allowed to flow. The pressure gradient 
in the flowing gas phase is accurately 
known. The oil in the core is under 
reduced pressure and the gas at very 
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nearly atmospheric. This cell has also 
been adapted to three phases, i.e., main- 


- taining interstitial water at a fixed sat- 


RATE OF FLOW - CM°/MIN. 


uration in the core and measuring the 
permeability to gas at various oil sat- 
urations. 


APPARATUS AND METHOD 


The relative permeability cell shown 
in Fig. 1 is designed to maintain a pres- 
sure difference between fluid phases in 
the core sample. This cell, together with 
a gas pump, a manometer, and a flow- 
meter, makes it possible to measure thie 
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effective permeability of a core to gas 
at each discrete partial oil saturation. 
The oil saturating the core is held im- 
mobile during the measurement of ef- 
fective permeability to gas. 


In the operation of the cell, the core 
K, completely saturated with oil, is 
placed in capillary contact with the 
ceramic dise H which is also completely 
saturated with oil. The cell is then as- 
sembled as shown in Fig. 1 and bolted 
tightly together. The parts F, F’, G, J, 
L, C, B, D, and A are all made of pol- 
ished brass or of chromium plated 


S,_ = 80.0% 


SL = 82.0 %o 


S_ = 86.6 % 


SL =915% 


1.6 "2.0 


SATURATION, ALUNDUM CORE 5S-01. 


Vol. 189, 1950 — 


PETROLEUM TRANSACTIONS, AIME 


T.P. 2810 


brass. The gas outlet tube C is soldered 
to disc G and the gas inlet tube B and 
tube D are soldered to disc J. The ce- 
ramic disc H is cemented to tube B and 
the brass disc J. Between plates G and 
J and the brass end plates F and F’ 
respectively, are sufficient rubber wash- 
ers, so that when the end plates are 
drawn together by bolts, a seal will be 
provided between L and S at the ends” 
of L and the disc-core assembly G-K-H-J 
will be compressed sufficiently to estab- 
lish capillary continuity for the oil be- 
tween H and K. To facilitate the inser- 
tion of the core and discs, a vacuum is ~ 
applied to A to collapse the rubber 
sleeve S against L. After the cell has 
been bolted together, the annular space 
E between L and S and a few inches 
of tube A are filled with water. Gas 
pressure is then applied to force the 
rubber sleeve against the sides of the 
core and discs to make a _ peripheral 
seal. The ends of brass plate G and the 
ceramic disc H in contact with the core 
are grooved to permit a homogeneous 
distribution of gas as it flows in and 
out of the core. After the assembly is 
completed, tube D is filled with oil and 
is connected to one arm of a flexible 
U tube mercury manometer so that there 
is continuity of the saturating oil phase 
from the top of the mercury through D 
and H and into the core. 


By lowering the mercury in the free 
arm of the U tube, a reduced pressure 
is imposed on the oil phase and the oil 
saturation of the core is reduced. When 
capillary equilibrium has been reached, 
gas is allowed to flow in B and out C 
and hence the effective permeability of 
the core to gas can be measured. Then 
the mercury in the free arm is again 
lowered. This cycle is repeated until the 
minimum attainable liquid saturation 
is reached, at which time the core is 
removed and weighed to determine its 
liquid saturation. From the calibration 
of the closed arm of the U tube and 
the position of the mercury interface in 
that tube, the saturations of oil at which 
the permeability is measured can be 
calculated. The effective permeability 
of the core to gas at each oil saturation 
divided by the permeability of the core 
to gas at zero oil saturation yields the 
relative permeability to gas at each oil 
saturation. These data are plotted ver- 
sus the liquid saturation to give the 
conventional relative permeability curve. 


The difference in level between the 
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mercury in the two arms of the U tube 
plus a correction for the liquid above 
the mercury in the closed arm yields 
data from which the capillary pressure 
curve can be obtained. 


The maximum reduced pressure per- 
missible on the liquid phase has been 
found to be about 5 psi. At reduced 
pressures greater than this value, the 
continuity of the liquid phase in tube D 
is interrupted by the formation of gas 
bubbles which preclude the accurate 
determination of both the liquid satura- 
tion and the capillary pressure. In 
those cases where capillary pressures in 
excess of 5 psi are necessary to obtain 
the requisite liquid saturation slight 
modifications can be made in the equip- 
ment to permit a constant pressure to 
be applied to the gas phase. This aug- 
ments the reduced pressure on the li- 
quid phase and the combination of the 
two suffice to desaturate the core. 


After sufficient data have been ob- 
tained for the relative permeability to 
gas curve, the cell is disconnected from 
the gas flow lines, the tube B is capped, 
and tube C is connected to a pressure 
source capable of desaturating the core 
to its minimum liquid saturation. In 
this type of experiment either brine, oil, 
or both can be used as the saturating 
liquid. If only one liquid is used the 
initial saturation can be accomplished 
by the well known evacuation method. 
If both are used simultaneously and the 
brine preferentially wets the core, the 
brine is established in the core by first 
saturating a dry core with brine and 
displacing the brine with oil in a re- 
stored state displacement cell.’ This 
modification requires that disc H in the 
relative permeability cell be treated 
with silicones to render it preferentially 
oil wetted so that the brine will remain 
in the core and only oil will be drawn 
out. 

The flowmeter used in this research is 
of rather novel design and is shown in 
Fig. 2. Air flows in at T,, up through 
the burette tube and out at T.. A film 
across the burette is formed by lifting 
B, so that the liquid will rise in C and 
cover the lower end of the burette. B, 
is then lowered and the film travels up 
the burette. The time required for the 
displacement of a given volume is meas- 
ured with a stopwatch and the volume 
rate of flow in cc/min is obtained. The 
film expands at the end of the burette 
in bulb B, and eventually breaks. 
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In all gas permeability measurements 
the phenomenon of gas slippage adja- 
cent to the solid surfaces must not be 
overlooked. This slippage, frequently 
called the Klinkenberg effect”, results 
in a higher permeability to gas than to 
liquid under conditions of single phase 
fluid saturation. The amount of slippage 
is a function of the ratio of the mean 
free path of the gas molecules to the 
radius of the channel through which gas 
is flowing. Any variations in experi- 
mental conditions which change either 
the mean free path of the gas molecules 
(such as pressure, temperature, etc.) or 


which change the average radius of the 
passages open for the flow of gas will 
affect the observed permeability to gas. 
An air permeability at atmospheric tem- 
perature and pressure may be greater 
than a liquid permeability on the same 
core by a factor of 2. Because of the 
possibility of changes in the average 
pore radius of passages available for 
gas flow as the partial liquid saturation 
of a porous medium decreases, the 
Klinkenberg effect should be taken 
into consideration in the ultimate eval- 
uation of relative permeability to gas 
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data. According to Rose” this effect ap- 
pears to be small. 


RESULTS AND DISCUSSION 


Quite early in the experimental pro- 
gram it became apparent that natural 
cores failed to meet the requirements 
as to uniformity, permeability range, 
similarity in textural properties, and 
durability which would be required of 
cores subjected to repeated handling of 
the sort which might be encountered in 
the development and testing of appara- 
tus. Much of the work, therefore, has 
been done using 12 alundum cylinders 
l-in. x l-in. and varying in permeability 
from 30 to 3300 md. N-decane was used 
as the saturating liquid phase. 


From time to time as the progress of 
the program warranted, runs were made 
on natural cores. Since considerably 
more data have been obtained than are 
shown in this paper, an attempt has 
been made to show data which are rep- 
resentative of the whole for illustrative 
purposes. A comparison between a de- 
cane-air system and a connate water- 


- decane-air system using an alundum 


core is shown in Fig. 3 and a similar 
comparison using a natural core is 
shown in Fig. 4. 


For both synthetic core material and 
natural reservoir rock, it is observed 
that there is good agreement between 
the results of two phase (gas-oil sys- 
tem) and those of three phase (gas-oil- 
connate water) systems. The agreement 
is slightly better in the region of the 
equilibrium gas saturation, i.e., at that 
saturation of liquid at which gas first 
flows. These figures show that the rela- 
tive permeability to gas is determined 
by the total liquid saturation and is 
independent of the presence of water 
as a co-saturant. 


Because of its importance in reservoir 
engineering calculations and reservoir 
exploitation, the equilibrium gas satura- 
tion is of particular interest. Hassler, 
Brunner, and Deahl” have indicated 
that the equilibrium gas saturation can 
occur over a range of several per cent 
depending mainly upon the extent of 
any “trap hysteresis” effect. They say, 
however, that one definite highest value 
of equilibrium gas saturation can be 
determined by experimental means. This 
value results from a continual desatur- 
ation process until the pressure that is 
just sufficient to start the flow of gas 
through the porous medium reaches 
zero. In other words no liquid has to 
be displaced or moved agide in order 
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for gas flow to be accomplished. That 
value of equilibrium gas saturation is 
probably more significant than any other 
in regard to the production of oil from 
a dissolved gas-drive reservoir, and is 
therefore the value sought in most en- 
gineering uses. Some of the early work 
with the relative permeability cell meth- 
od had indicated that Darcy’s law might 
not be applicable in the region of the 
equilibrium gas saturation. Other in- 
vestigators, using different methods, 
have exhibited data which indicate 
that the relative permeability of a core 
to gas is a function of the rate of flow.” 
In order to clarify this, two tests were 
made using an alundum core having 
a dry air permeability of 177 md. In 
the first test the core was set up in the 
relative permeability to gas cell so that 
the gas flowed through the core from 
bottom to top. At discrete liquid sat- 
urations a pressure difference was ap- 
plied in successively increasing steps 
and the resulting gas flow rate was 
measured. The data are presented in 
Fig. 5. 


At the higher liquid saturations, no 
gas flow is obtained for the lower pres- 
sure differences. However, once a pres- 
sure gradient giving flow has been 
reached, the rate of flow is more or less 
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linear with the pressure gradient. The 
line segments indicate the range over 
which flow was obtained. In going from 
86.6 per cent to 82 per cent liquid sat- 
uration there is a decided improvement 
in the quality of the data and at the 


latter saturation gas flow was obtained 
at the lowest pressure gradient applied. 
This test therefore indicates that the 
maximum value of the equilibrium gas 
saturation lies between 82.0 per cent 
and 86.6 per cent. 


In the second test, the core was set 
up in the same cell and the gas flow 
through the core was reversed so that 
it flowed through the core from top to 
bottom. The data for this test are shown 
in Fig. 6. Here, although there is gas 
flow for all applied pressure gradients 
at the higher liquid saturations, the 
data are quite irregular and Darcy’s 
law does not appear to be valid. As in 
the first test, though, in passing from 
89.2 per cent to 83.0 per cent satura- 
tion, there is again the distinct im- 
provement in the data and at the latter 
saturation Darcy’s law is valid. Here 
the maximum value of the equilibrium 
gas saturation is fixed between the lim- 
its of 83.0 per cent and 89.2 per cent. 

When the first and second tests on 
this core are considered together the 
equilibrium gas saturation is bracketed 
between the values of 83.0 and 86.6 per 
cent. The relative permeability to gas 
curves from these two tests are shown 
in Fig. 7. The curves extrapolate to an 
equilibrium gas saturation of 88.0 per 
cent. The fact that this extrapolated 
value is slightly higher than the pre- 
viously indicated maximum perhaps is 
explained by the fact that in the test 
cell approximately 50 per cent of one 
end of the core is in contact with the 
porous plate so that at liquid satura- 
tions very near the equilibrium gas sat- 
uration some passages, although filled 
with gas, are not available for its flow 
because they terminate at the porous 
plate. As the liquid saturation decreases 
the interconnection between passages 
increases and all become available for 
flow. 

A review of the data of Figs. 3, 4, 5 
and 7 shows that although there are 
deviations among sets at the lower liquid 
saturations, they converge in the region 
of the equilibrium gas saturation so 
that its determination is rather precise. 
The pressure gradients in the gas phase 
in these tests have been varied. from 
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0.2 in. to 2.0 in. water. This is consid- 
erably less than has been used by other 
investigators’”’””*" some of whom re- 
port a variation in relative permeability 
with rate of flow.’ The data of Figs. 5 
and 6 do not support this conclusion 
and the numerous other data obtained 
show that over this tenfold change in 
pressure gradient the relative perme- 
ability to gas is independent of rate of 
flow. The use of pressure gradients 
greatly in excess of those found in the 
reservoir can easily lead to experimental 
difficulties, such as displacement effects, 
which obscure the results. It appears 
that under the conditions of these ex- 
periments and in the reservoir the rel- 
ative permeability to gas is independent 
of the rate of flow. 

Some work was done to determine 
whether variations in the specific per- 
meabilities of different cores would be 
reflected in the appearance of the rela- 
tive permeability to gas curves of those 
cores. 


For each of the six pairs of alundum 
cores an average relative permeability 
to gas curve was obtained in the fol- 
lowing manner: Using the curves re- 
sulting from the two and three-phase 
experiments where decane was the dis- 
placed liquid phase, a mean liquid sat- 
uration value for a given relative per- 
meability value was calculated and 
plotted against that relative permeabil- 
ity. Enough points were chosen for each 
pair of cores so that a complete curve 
resulted. The curves, six in number, 
were then plotted as in Fig. 8. 


It appears that, at least for these 
alundum cores, there may be a correla- 
tion between permeability and relative 
permeability. At lower liquid satura- 
tions there is, without variation, a shift- 
ing to the right of the mean relative 
permeability curve for each step in 
increasing permeability. At liquid sat- 
urations above 40 per cent the trend 
is somewhat reversed, the shift being 
to the left with increasing permeabili- 
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ties. The disposition of the curves in 
this region, however, does’ not lend it- 
‘self to such a generalization as at the 
lower liquid saturations, since excep- 
tions occur here. 


This apparent correlation should not 
be emphasized since it might be due 
mainly to the nature of the alundum 
cores. These particular cores all con- 
sist of the same two grain sizes, in 
varying percentages, and are entirely 
homogeneous. That the correlation does 
not exist for natural specimens can be 
seen from Fig. 9. Here the relative per- 
meability curves are shown for 16 cores 
recovered from the N. Bohanon No. 1 
well, Garvin County, Oklahoma. The 
figures in the circles are the dry air 

_ permeabilities. There is no apparent 
correlation between permeability and 
‘relative permeability. If a correlation 
exists it is masked by petrofabric vari- 
ables. 


As a matter of fact, the only variables 
encountered in the courze of the lab- 
oratory experiments which have an ap- 
preciable effect on the relative perme- 
ability have been grain size distribu- 
tion, rock surface characteristics, etc. 
This is brought out in Fig. 9. where 
cores of practically the same perme- 
ability have widely divergent relative 
permeability to gas curves. Additional 
data to illustrate this are shown in Fig. 
10 where relative permeability to gas 
curves are presented for an alundum 
core, an N. Bohanon No. 1 core and a 
Nichols Buff sandstone core. Here it 
is seen that the equilibrium gas sat- 
uration for the Bohanon core is 69 per 
cent, whereas for the other two it is 
88 per cent. The curves for the Nichols 
Buff core and the alundum core are 
practically identical above a saturation 
of 60 per cent. Below that saturation 
they diverge and the curve for the alun- 
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dum core crosses the Bohanon curve at 
about 25 per cent saturation. 

In the section describing the relative 
permeability cell it was mentioned that 
a capillary pressure curve was obtained 
simultaneously with the relative perme- 
ability to gas curve. Since the equip- 
ment and procedure are different from 
those employed with the displacement 
cell a comparison of the capillary pres- 
sure curves obtained by the two meth- 
ods is in order and is shown for two 
representative cores in Fig. 11. Also 
shown is the curve obtained with one 
of the cores when connate water was 
present in the core. It will be observed 
that the agreement between the curves 
is sufficient to justify the statement that 
the two methods give the same results. 


CONCLUSIONS 


From the foregoing discussion, the 

following conclusions may be drawn: 

1. The data obtained by the method 

described above have a high de- 

gree of internal consistency and 

are reproducible from one test to 
another. 

2. Rate of gas flow has no effect on 
“relative permeability to gas as ob- 
tained by this stationary liquid 
method. 

3. No definite correlation has been 
found between permeability and 
relative permeability to gas for 
the systems studied. 

4. No definite correlation has been 
found between petrofabric factors 
and relative permeability to gas 
for the systems studied. 

5. The capillary pressure curves ob- 
tained in the relative permeability 
cell agree with those obtained in 
a conventional displacement cell. 


NOTE REGARDING USE 
OF DATA 


In view of the fact that variations of 
relative permeability appear to exist 
within a single reservoir (see Fig. 9) 
it becomes necessary to deal with 
weighted average relative permeability 
values in the consideration of reservoir 
engineering problems. For the case of 
parallel non-connecting strata open to 
the same well, this averaging process 
would be as follows: 
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n 
1 K 
le ky n Xp 
(K,) ave. = saci 
n 
2 ka Xa 


in which k, is the specific permeability 
of a uniform stratum x, thick. 

Other more complex systems would 
require more elaborate means of aver- 
aging but would follow the same gen- 
eral principle indicated above. 
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DETERMINING FRICTION FACTORS FOR MEASURING 
PRODUCTIVITY OF GAS WELLS 


R. V. SMITH, U. S. BUREAU OF MINES, BARTLESVILLE, OKLAHOMA 


ABSTRACT 


The theoretical background for calculating friction factors 
for flow in gas wells by two methods is presented. The first 
method, requiring pressures, temperatures and specific vol- 
umes of the flowing fluids at various depths in the well bore, 
shows how the mechanical-energy-balance equation for ver- 
tical flow may be graphically integrated over the actual path 

- of the expansion of the fluid in the well. Thus, assumptions 
regarding the effective temperature and effective compressibi‘l- 
ity of the fluid in the well are avoided. The second method 
presents an equation derived on a basis of the assumptions that 
both the temperature and the compressibility are fixed at 
' constant effective values throughout the flowing column. ot 
gas. The second method provides a convenient and practical 
means of calculating friction factors for gas wells and lends 
itself readily to the problem of calculating subsurface pres- 
sures in a flowing gas well. The application of both methods 
to actual test data taken on a flowing gas well is illustrated in 
the paper. 


INTRODUCTION 


As friction factors for the producing strings of flowing gas 
wells cannot be measured directly and must be calculated from 
flow-test data, study of the methods of arriving at friction 
factors is a necessary adjunct to understanding the charac- 

"teristics of flow in gas wells. There are two methods of cal- 
culating friction factors for gas wells; they differ from one 
another mainly in the treatment of the path of expansion of 
‘the fluid in the well. In the flowing well, the energy consumed 
in lifting the fluid from the bottom to the top of the well, 
~ overcoming the friction between the-moving fluid and the pipe 
walls, and increasing the velocity of the fluid as it flows up 
the producing string is supplied by expansion of the flowing 
- fluid. The available energy is determined by the expansion of 
the fluid that follows a path determined by conditions of 
temperature, compressibility and phase changes of the fluid 
during the expansion. A means of evaluating the available 
- energy in a flowing gas well and determining the proportion 
of the available energy used in lifting the gas, overcoming 
- friction, and increasing the velocity of flow is developed in 
this report. Knowing how much energy is consumed in over- 
coming friction makes it possible to calculate friction factors 
Aor given flow rates in given sizes of pipes in wells. 


Friction coefficients, as used in this report, are dimension- 
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less proportionality multipliers used in the flow equations to 
satisfy the equality between the terms of the equation. The 
square root of the reciprocal of the friction coefficient is 
termed the friction factor. 


It has been known for many years that friction factors may 
be computed directly from mathematical formulas based on 
certain assumptions regarding the temperature and compres- 
sibility of the moving fluid in a well. A general equation is- 
prezented in this report without assumptions for vertical flow 
of fluids and a conventional-type equation is derived on the 
basis of assumptions that fix the temperature and compressi- 
bility at constant values. Accurate pressures at the sand faces 
in wells are required in the method of determining the pro- 
ductivity of gas wells, as outlined by Rawlins and Schellhardt’ 
in Bureau of Mines Monograph 7. Where measurements are 
not made with subsurface-pressure gauges or static gas col- 
umns are unavailable, flowing pressures customarily are cal- 
culated at the sand face in the well by the uze of the well- 
known Weymouth formula’. Natural gas engineers have 
realized that errors introduced by the use of friction factors 
as given by the Weymouth formula are relatively unimportant 
in testing low-capacity gas wells; they also know that such 
factors are important considerations in testing large-capacity 
gas wells. Accordingly, present research on the productivity 
of gas wells at the Petroleum Experiment Station of the Bu- 
reau of Mines, Bartlesville, Okla., is being directed toward 
measurement of the pressure loss due to friction in flowing 
gas wells. 

It is beyond the scope of this report to show how friction 
factors vary with rate of flow and in pipes of different diam- 
eters, as it is intended only to develop and illustrate the use 
of mathematical expressions for calculating friction factors 
from flow-test data. The equations presented apply only to 
turbulent flow in circular pipes. 


ENERGY RELATIONS FOR FLOW OF FLUIDS? 

The concept of conservation of energy is usually the basis 
of any study of fluid flow through vertical pipes as in gas 
wells, horizontal pipe lines, or orifices. In deriving equations, 
the following symbols are used: 


1 References given at end of the paper. 

Manuscript received at the office of the Petroleum Branch September 
20, 1949. Paper presented at the Petroleum Branch meetings in Columbus, 
Ohio, September 26-27, and in San Antonio, Texas, October 5-7, 1949. 


2 The explanation, in this report, of energy relations for fluid flow was 
taken from a discussion of flow of fluids by Cattell.” 
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A = cross-sectional area of the flow channel, sq ft 

U = mean linear velocity of flow parallel to the axis of 
channel at a given cross section, ft per sec 

= acceleration of gravity, ft per sec per sec 

= total internal energy or intrinsic energy associated with 
one pound of fluid, ft-lb 

p = pressure, lb per sq ft abs 

P = pressure, lb per sq in. abs (psia) 

Vv 

if 


fest) 


= specific volume of fluid, cu ft per lb 
= distance of a cross section above an assumed datum 
plane, ft 
q = heat, in equivalent ft-lb, imparted to 1 lb of fluid from 
outside the fluid body 
F = mechanical energy, ft-lb per lb of fluid, transformed 
into heat by frictional resistances. 


Subscripts 1] and 2 applied to any of the symbols denote 
conditions at an upstream cross section A, and a downstream 
cross section A,; respectively. In the example considered in 
this report, the upstream cross section A, is lower in elevation 
than the downstream cross section As. 

Consider a fluid flowing upward from section A, to section 
A, through a circular vertical pipe in which A, equals A, 
in area. As the fluid under consideration is elastic, it fills the 
pipe completely, and no external forces except gravity act 
upon it between the two sections. 


In considering a hypothetical well the following assumptions 
are made: 


1. The fluid is homogeneous. 

2. The flow is steady with respect to time; that is, in a unit 
of time the same weight of fluid flows through every cross 
section. 

3. The fluid flows with mean linear velocity U, parallel to 
the axis of the pipe and at right angles to the plane of 
the cross section, A,. The mean velocity may be defined as 


Nv 
A 


18 i 


N = weight rate of flow, lb per sec 

"vy =specific volume of the fluid at the point under consid- 
eration, cu ft per lb 

A = area of cross section under consideration, sq ft 

As the flow is considered steady, 1 lb of the fluid passes 
through sections A, and A, in the same interval of time. When 
1 lb of fluid passes the lower section A, it carries with it the 
following energy: 


E,, its internal energy, resulting from its temperature and 


the position of its molecules, 


2 
1 


2g 

p.v:, which represents the mechanical work performed in 
forcing the pound of fluid across section A,, 

L,, which is the potential energy (referred to the assumed 
datum plane) of the pound of fluid resulting from the 
action of gravity upon it. 


, its kinetic energy, attributable to its upward velocity, 


3 U; 
Applying terms used in hydraulics, a p.v, and L, may 
& 
be called, respectively, the velocity head, pressure head, and 
potential head of 1 lb of fluid at section A,. 
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Under the conditions stipulated, the pound of fluid receives 
no mechanical energy from external sources while passing 
from A, to As, but it may receive heat q from sources outside 
the fluid. If the fluid loses heat, q has a negative value. 

At Section A., 1 lb of fluid has the internal energy E., the 

Us : 
velocity head aor the pressure head p.v, and the potential 


head L.. 


Balancing all forms of energy and expressing quantities of 
heat in units of equivalent work, it is apparent that: 


The internal energy, velocity head, pressure head, and 
potential head of 1 lb of fluid at section A,, plus the heat 
per lb of fluid imparted from external sources to the 
fluid between sections A, and A.,, equals the internal 
energy, velocity head, perssure head, and potential head 
of 1 lb of fluid at section A,, or, 

2 2 

be Hip Big oe 
2g 2 


Between sections A, and A, each pound of fluid does the 


Pipe Le 41) 


va 
mechanical work f pdv upon the surrounding fluid; thus 


each pound of fluid must receive that amount of work from the 
rest of the fluid between the two sections. Such work can be 
done only by converting heat energy of the fluid into mechan- 


V2 
ical energy. As the work and heat must be equivalent, / 
vi 


pdy is the measure per pound of flowing fluid, not only of the 
work received but also of the heat (expressed in equivalent 
work units) that was transformed into that work. It may, 
therefore, be considered that each pound of fluid does the 


v2 
work f pdvy upon itself at the expense of its own heat energy. 
1 


For each pound of fluid flowing from section A: to section 
A, the mechanical work F done against frictional resistance 
is converted into heat F (expressed in work units) absorbed 


by the fluid. 


With these conceptions, and measuring heat in equivaleat 
work units, a balance of heat (or nonmechanical) energy may 
be expressed as follows: 


The internal energy of 1 lb of the fluid at section Ax, minus 
the heat energy per pound of fluid transformed into mechani- 
cal work by expansion of the fluid between the two sections, 
plus the heat per pound of fluid into which mechanical work 
is transformed in overcoming frictional resistance between 
the two sections, plus the heat per pound of fluid imparted 
from external sources to the fluid between the two sections, is 
equal to the internal energy of 1 lb of fluid at section As. <0r: 


V2 
cae pay. Se Be tq Bo see (2) 


Subtraction of equation (2) from equation (1) gives equa- 
tion (3)° 


§ Equation (8) may be developed also by balancin i 
i g mechanical : 
The velocity head, pressure head, and potential head of il bead of fluid at 
section Ai, plus the work per pound of fluid (derived from heat energy) 
done upon the fluid between the two sections, minus the mechanical energy 
ee round ee Se ote heat py. eae resistances between 
sections, 1s equal to the velocity head, pressure h i 
head of 1 pound of fluid at section A» * eopese ee any cetep ie 


. 
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2 
1 


v2 Uz 
Sue ey ~ pdv-F =—— + pv. + L,. (3) 
2g be 2g 


Equation (3) may be written in the form: 


Wz =x. Wz 
2 


pivi + i pdv—p.v, = (L,-L,) + +F . (4) 


Equation (4) may be considered a general one for the flow 
of fluids in pipes. 


EQUATIONS FOR FLOW OF FLUIDS 
IN VERTICAL PIPES 


Method I (graphic integration) 


The application of equation (4) to the evaluation of friction 
factors for gas wells requires further treatment of term F 
or the mechanical energy per pound of fluid transformed into 
heat by frictional resistance. The work done in overcoming 
frictional resistance through distance dL equals frictional 
resistance times the distance through which the resistance is 
overcome. For turbulent flow the frictional resistance is pro- 
portional to the surface in contact with the fluid, to the density 
of the fluid, and approximately proportional to the square of 
the velocity. If the resistance is proportional to the square 
of the velocity it is also proportional to the first power of the 

2 


U 
kinetic energy = of 1 lb of fluid. Expressed by symbols, the 
£ 


frictional resistance is proportional to: 


(dL) (Per) (=) (S) 


where 
dL = length of pipe, ft 
Per = perimeter of pipe, ft 
U = velocity, ft per sec 
S = density, lb per cu ft 
or 


frictional resistance = (f{) (dL) (Per) (- ) i9)) eevean (0) 


The term f then becomes a proportionality factor to satisfy 
the equality; it is commonly called the coefficient of friction. 
Multiplying the frictional resistance as expressed in equa- 
tion (5) by the length of pipe dL to obtain the work in 
overcoming the resistance and dividing by the pounds of fluid 
contained in the length of pipe dL, the work expended per 
pound of fluid in overcoming frictional resistance becomes: 


(£) (dL) (Per) (5 ) (S) (aL) 


dF = ——— (6) 
(A) (dL) (S) 
where 
_ A = cross-sectional area, sq ft. 


For a circular pipe the perimeter divided by the area equals 


= where D is the internal diameter in ft. Equation (6) 


becomes: 
in | (7) 
2¢D 
- or for a finite length of pipe 
Cle 
ee teal (8) 
2gD Ta 


‘Z, 
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substiuting the value of the term F given in equation (8) 
into equation (4) 


Vo Us ioe U? 
pvt li pdv - P2v2 = (L, a I) te —o 


(9) 


The expression at the left of the equality sign (as may 
be shown analytically or graphically), equals 


Es vdp 


Pi 


i 3 vdp. 


p2 
If the pressures are expressed in psi instead of lb per sq ft, 
the expression equals 


or 


Pi 
144 E vdP. 


As equation (9) contains a velocity term U which is not com- 
monly used in the gas industry, velocity in ft per sec may be 
conyerted to cu ft per 24 hours and specific volume expressed 
in cu ft per lb by: 


us Nv 
A 
where 
U = velocity, ft per sec 
N = rate of flow of fluid, lb per sec 
vy = specific volume, cu ft per lb 
A = cross-sectional area of pipe, sq ft. 


When the volume rate of flow is measured in cu ft of gas per 
24 hours, the term N becomes: 


QG 


N = ——— 
86,400 x 13.364 
where 
Q = volume rate of flow, cu ft per 24 hours 
(absolute pressure base = 14.4 psi and temperature 
base = 60°F) 


G = specific gravity of fluid, air = 1.0 


86,400 = number of seconds in 24 hours 
13.364 = volume of one pound of dry air at an absolute 
pressure of 14.4 psi and at a temperature of 
60°F, cu ft. 
Then the velocity term U becomes: 
Ss QGyv 
~ 1,154,600 A 
2G?v" 
1) ok: Q 


1.3331 x 10” A’ 


By making the indicated substitutions and changing the 
subscripts 1 and 2 so that they indicate conditions at a depth 
s and at the wellhead (L =0) respectively, taking the value 
of g, the acceleration of gravity, to be 32.17 ft per sec per sec, 
and changing elevations to depths, equation (9) becomes: 


a Q°G? (v.7 - vz’) £Q’G? 
We) ec e 5 Ge apn REED Anse 
- f Py 85.772x 10" A? 21.443x 10” DA? 
fobs 
Oerdk (10) 


Changing A which is in units of sq ft into terms of inside 
pipe diameter, in in., and D, in ft, to in., equation (10) 
becomes: 
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ees 
53.157 x lO" d* 


Oe er (vy? ad Va) 
De Sulayae MOY cok 


Ps 
144 f vdP =L, + 


(11) 
0 
where 
P = pressure, psia 
v = specific volume, cu ft per lb 
L, = energy required to lift 1 lb of the fluid from depth L 
in the well, ft-lb (as 1 lb of fluid is under considera- 
tion L, is numerically equal to L) 
L = depth of flowing column of fluid, ft 
Q = volume rate of flow, cu ft per 24 hours (absolute 
pressure base = 14.4 psi and temperature base 
= 60) Es) 
G = specific gravity of fluid, air = 1.0 
d = internal pipe diameter, in. 
{ = friction coefficient, dimensionless 


The subscripts s and w refer to conditions at depth L and 
at the wellhead respectively. 


As equation (11) does not contain assumptions which de- 
fine the path of the expansion of the fluid, it may be consid- 
ered general for the flow of fluids in wells. 


Method II (mathematical integration) 


Starting with equation (9) 
if U, = 
piv, + ef pdv — p.v. = (L,—L,) + De Deb! ts 
and making the following assumptions: 

1. The flow of fluid in a gas well can be considered to he 
isothermal at an “effective” temperature. 

2. The deviation of the fluid from the ideal gas laws 
throughout the flow string of the well can be considered 
constant and can be expressed as an “effective” compres- 
sibility factor. 


Then the following relationship exists: 


OM == Ae ABS 

where 
Z = effective compressibility factor, dimensionless 
T = effective absolute temperature, °F + 459.6 
b= 


gas constant in appropriate units for 1 lb of gas. 


In accordance with the assumptions, equation (9) becomes: 


v2 U2 Ue Af L? 
liye (les) ce cdl 
[pie = (Lb) +S fy (12) 
or in differential form‘ it is: 
UdU Af E 
pay =<dL + Se = RIE: (13) 
g 2gD 


As shown in a previous section of this report, velocity equals 
rate of flow (weight basis) times specific volume divided by 
the cross-sectional area. 


‘Using the transformation of the terms to the left of the equality sign 
in equation (9), which is explained in the previous section of the text, 
an alternate differential form is obtained. 
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N Ndy 


Vv 
= : d-dU <= 
U c an 


Alzo, pressure may be expressed in terms of specific volume 
by the relationship: 


ZTb 
pv = ZTb, p = — 
N Nd ZTb 
Substituting z : is and for U, dU, and p, re- 
A A Vv 
spectively, in equation (13), 
dv N’ 4EN?* 
— = dL + — vdv + ——— vdL 14) 
ZTb = d cat vdy 3eDA: Vv ( 
Rearranging and a terms, 
dle == "Zab (15) 


(fa 4EN? ae +1) >. (ee 4fN? ee +1) 
"\ eA? 2eDA? 
Integrating between the limits, L = 0 and v = vy, at the lower, 


or upstream, end of the length of flow string under considera- 
tion and L = L and v = vy, at the wellhead, the result is, 


‘. 1 1 Vv 2 
L kK ZU: he 9S: aes 
J L 2D A’ v; 
1 : 1 a 
0 
--—- 4£N? 4£N* 
gA®*|.2 ( : ( 
L 2eDA’ 22D A’ vy, 
(16) 
or 
(—) 4 Gee ) 
hae 2g¢DA° Y 21ZTb 
Vii See 5c PARE oo RY SER 
aC ‘) | ( 4£N? we 
22D A°* Mf 
(17) 


substituting pressure for specific volume according to the fol- 
lowing relationships: 


Dv = pv, = ZbT 
: ZbT? : Zb?T? 
Vic —— 
Pr Us 


equation (17) becomes: 


2£N°Z?T°b? ( D ) 
ee eee aeee 
» (= Te x P’) 2kZTb 
(Pe Sh ees 
a =. -) (=e 


+e) 
eDA? s 


(18) 


where 
UdU 4f 
see sae et — UdL=0 ; 
+ Sep (2) e = natural logarithm base = 2.71828+ 
The solution of equation ane yields equation (18). Identical solutions L= 1 
for equations (13) and (13a) are made possible by the given assumptions oer of yr 4 
regarding temperature and compressibility. Z = effective compressibility factor, dimensionless 
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T = effective absolute temperature, °F + 459.6 
1545.4 

b = gas constant = , cu ft, lb per sq ft, per degree 
F abs per lb, M = molecular weight 

P: = pressure at lower, or upstream, end of section under 
consideration, lb per sq ft abs 

Pp: = pressure at wellhead, lb per sq ft abs 

f = friction coefficient, dimensionless 

N = rate of flow of gas, lb per sec 

g = acceleration due to gravity, ft per sec per sec 

D = inside pipe diameter, ft 

A 


= cross-sectional area of pipe, sq ft. 


Further simplification of equation (18)° may be accom- 


D 
plished by considering the exponent (: + ——__ and by 


2{ZTb 
substituting the values of the symbols shown later under 
Method I of this report. The inside diameter of the flow string 
was 5.012 in. and the average value of the friction coefficient 
was 0.003664 (see Table II) for the three depths considered. 
The effective compressibility factor may be assumed to be 
0.964 and the effective temperature to be 540.9°F abs. The 
value of b, the gas constant for 1 lb of gas, may be computed 
icm its specific gravity (0.708) by: 
53.327 
5G 


where 53.327 is the gas constant for 1 lb of dry air, and G is 
the specific gravity of the gas referred to air. 


The value of the exponent G Se a) becomes 
2{ZTb 
5.012 
12 
+ = 1.00145 
2 x .003664 x .964 x 540.9 x 53.327 
.708 


The exponent 1.00145 means that the quantity in brackets, 
equation (18), is to be multiplied by its 690th root. Although 
the exact implications of the fractional part of the exponent 
are difficult to describe for all gas-well conditions, it is be- 
lieved that the fractional portion of the exponent can be neg- 
lected for rates of flow used in testing gas wells. Also, the 
fractional portion of the exponent is derived from the kinetic 
energy term of equation (14) and usually is neglected in hori- 
- zontal pipe line formulas. 


Assuming that the exponent is unity; eanetion 18) becomes: 


2L 
_ZTb 2 
Se ae Se 2IN’Z’°T’b Ce” a) (19) 
be = eDA’ 
Rearranging and es by py 
2L Ly, 
ZTb 
NZTb (Dg) (p2-@  p?) 
a —$ «= Nv; => A (2fp,”) 2L (20) 
( 2Tb — J ) 
L e 
_ where Nv, = volume rate of flow at a pressure of p, and a 


oe temperature of T, cu ft per sec. 


, 5 This simplification of equation (18) was suggested by M. H. Cullender 
of the Phillips Petroleum Co., Bartlesville, Okla. 
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Equation (20) may be simplified further for use in the 
natural-gas industry by converting the variables to terms that 
are easily measured. It is customary to express the quantity 
that will flow in a well through a flow string of given dimen- 
sions, under various pressure conditions, in terms of cu ft 
per 24 hours at specific pressure and temperature bases. To 
convert volume Ny, in equation (20) from cu ft per second at 
temperature T and pressure p, to cu ft per 24 hours Q at a 


base temperature of T, and base pressure of P, it is necessary 
to multiply by 


PT 
24 x 3600 


o 


Also, it is customary to express pressure in units of lb per 
sq in. abs (psia), pipe diameter in in., and area in sq ft in 
terms of diameter in in. Conversions in these units are ob- 
tained by substituting in equation (20) the following: 


p = 144 P, where p is in lb per sq ft and P in psia, 


d 
De= a where D is in ft and d in in., and 


ad 
4x 144 


53.327 


Also, gas constant b was shown to equal Substitut- 


. } . . f } . } f 1 


It is convenient to use the symbol s for the exponent of e in 
equation (20). 


Equation (20) now becomes: 


PT, rd? [ (82.17) (d) (P.-eP,’) 144 
PZT mM, @) (PD O( al D| 
oe eee 
or 
[_/Pe-ePs 
0-.= 515.58 (5 ay eee — 
e- 1 
(22 
Tf Ts ?= 60494506) = 5519.6 °F abs. and P, = 144epee 


equation (22) becomes 
Gree —eP,,” a 
ao) aS 


volume rate of flow, cu ft per 24 hours (absolute 


Q= 19,686 ( 


where 


pressure base = 14.4 psi and temperature base 


= 60°F) 


Z = effective compressibility of gas, dimensionless (see 
text for explanation) 
T = effective temperature, °F abs (see text for explan- 


ation) 


friction coefficient, dimensionless 


1 : ; 
1 a = friction factor, dimensionless 
d 


inside diameter of pipe, in. 


II 
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= subsurface pressure at depth L in the well, psia 


= wellhead pressure, psia 
= natural logarithm base = 2.71828+ 
= exponent of e in equations (22) and (23) = 


P, 
Pp 


n @o 4 
fet 


0.037504 ss 
; TZ 


G = specific gravity of gas, air = 1.0 
L = length of pipe, ft. 
Tf the quantity to the right of the equality sign in equation 
(23) is multiplied by and at the same time divided by the 
square root of s, the terms may be rearranged into the follow- 


cee ee CFIC 


Equations (23) and (24) are identical. However, ae 
(24) approaches the appearance of the equations for flow in 
horizontal pipe lines. Equation (24) contains terms, to cor- 
rect for the weight of the flowing column of gas, that are 
identical with those derived by Ferguson.° 

The accuracy of equation (23) depends entirely upon the 
validity of the three assumptions that were made in the devel- 
opment. Assuming that the temperature and compressibility 
of the gas in the well are constant at “effective” values defines 
the path of the expansion in the well. Actually the tempera- 
ture and compressibility of the flowing gas vary with depth in 
the well. If the actual path of the expansion (adiabatic, poly- 


o 


d 
GZT 


Q = 101,650 \ 


tropic or isothermal) were known for all conditions, the ~ 


development of equation (23) could be modified so that 
the assumptions concerning temperature and compressibility 
would be eliminated. The third assumption, that the kinetic 
energy change is negligible, is justifiable for rates of flow 
used in testing gas wells. However, the exact implications of 
this assumption may be found by solving equation (18) for 
a specific well problem. 

Equations (23) and (24) are more covenient than equation 
(11) for calculating subsurface pressures in a flowing gas 
well but the value of the friction factor must be known before 
this may be accomplished. 

If the rate of flow Q is zero as in a static column of gas. 
equation oo and (24) reduce to the familiar equation 

Pave (25) 
for ‘tating pressures reailine ae ae weight of a static 
column of gas. Thus, the equations for flowing columns of 
gas meet the necessary conditions that they must describe 
static columns of gas when there is no flow. 


APPLICATION OF EQUATIONS TO A 
SPECIFIC WELL PROBLEM 


Method I (graphic integration) 

Equation (11) is particularly useful in evaluating the fric- 
tion coefficient f for gas wells. Pressures and temperatures 
must be measured in the flowing column of gas at several 
depths in the well and the flow rate must be measured by suit- 
able means to permit the application of equation (11). As 
the foregoing equations show, the flow mechanism in a gas 
well is essentially a weight-lifting process with frictional ef- 
fects. Therefore, the specific-gravity term G must convert the 
volume of gas into the weight of the total fluid lifted in the 
flow. Consequently, the specific gravity term must contain all 
the hydrocarbon liquid and water produced during the flow. 
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For gas wells producing hydrocarbon liquid and water, the 
hydrocarbon liquid: gas and the water: gas ratios must be 
measured so that a combined specific gravity may be computed 
for the flow equation. 


The specific volume of the fluid at various points in the 
flow string may be determined in the laboratory by pressure- 
volume-temperature studies of the fluid or it may be calcu- 
lated from published sources of information on the compres- 
sibility of natural gases. The calculation of specific volumes 
from compressibility factors may introduce errors unless the 
factors are known to apply to the fluid. 


Evaluation by mathematical means of the terms containing 
the integral signs in equation (11) involves assumption which 
define the path of the integral. It is thought that the study of 
the actual process of expansion in a gas well is not advanced 
to the point where the exact type of flow, with regard to heat 
transfer between the fluid and its surroundings, can be defined 
for all conditions. In a previous section of this report an equa- 
tion was developed which is based on the assumption that 
flow in gas wells is isothermal. 


Provided pressures, temperatures and specific volumes are 
at hand for a given flow rate in a gas well, equation (11) may 
be solved for the friction coefficient by graphic integration of 


vo vdP and ja vdL. Line integral signs are used because 


the values of specific volume required for the integration are 
a function of the temperature as well as of the pressure and 
the relation between temperature and pressure is not specified 
by the terms of the integral. Solutions for similar equations 
applied to flow in oil wells have been given by Cattell’ and 
Kilerts, Smith and Cook*. The graphic integration may be 
done with a planimeter or other suitable means. 


The data necessary for evaluating the friction coefficient for 
a given flow rate in a gas well by means of equation (11) are 
illustrated in Table I. 


Table I 


Data Required for Graphic Integration (Method I) 
to Evaluate Friction Coefficients and Friction Factors 


For a Flowing Gas Well in the Panhandle Field, Texas 


Depth to |Temperature| Pressure | Compressi-| Specific Specific 

Flow Rate, Pressure | at Pressure} at the In- bility Volume, Volume 

M cu ft per Datum Datum dicated Factor at cu ft Squared, 
24 Hours Point, Point, °F | Depth, psia} Datum per lb v2? 

ft Point 

5,904 0 74.9 244.6 0.966 1.1031 1.2168 

aul 5,904 50 75.2 245.0 -965 1.1018 1.2140 

inc 5,904 1,000 80.7 253.9 964 1.0729 1.1511 

Ree’ 5,904 2,000 85.7 263.4 963 1.0427 1.0872 

Bee | 5,904 2,250 87.0 265.8 963 1.0359 1.0731 

BES f 5,904 2,500 87.6 267.5 963 1.0305 1.0619 


d, inside diameter of flow string, in. =5.012 
G, specific gravity of gas (air=1.0)=0.708 


The flow rate was measured with an orifice meter and com- 
puted to a pressure base of 14.4 psia and 60°F in accordance 
with Gas Measurement Committee Report No. 2 issued by 
the American Gas Association. Pressures at the various depths 
in the flowing column of gas were measured with an Amerada- 
type subsurface-pressure gage, and a recording-subsurface- 
temperature gage was run simultaneously with the pressure 
gage. The pressure-gage chart was interpreted according to 
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the methods proposed by Smith and Dewees.’ Wellhead pres- 
sures were constant throughout the test and were determined 
with a calibrated piston gage while the subsurface-pressure 


_ age was at each indicated depth in the well. Compressibility 


factors at each pressure and corresponding temperature in 
the well were computed from the measured specific gravity of 
the gas using unpublished data in the files of the Bureau of 
Mines. Specific volumes and the squares of the specific vol- 
umes were computed from the compressibility factors. 


The specific-volume data for a flow rate of 5904 Mcf per 
24 hours (14.4 psia, 60°F) of Table I were plotted against 
pressure as is illustrated in Fig. 1. At a depth of 2500 ft, the 
specific volume was 1.0305 cu ft per lb, while at the wellhead 
the specific volume was 1.1031 cu ft per lb. At the same time, 
the temperature of the gas stream decreased from 87.6°F at 
a depth of 2500 ft to 74.9°F at the wellhead. The area on 
Fig. 1 bounded by the pressure ordinates between the well- 
head pressure of 244.6 psia and the pressure of 267.5 psia 
at a depth of 2500 ft, the dashed lines to the curve and the 
curve itself, when multiplied by 144 is the energy in foot- 
pounds expended by 1 lb of gas in moving from a depth of 
2500 ft to the wellhead or 


267.5 
144 f vdP 


Energy, ft-lb per lb of gas Le 


The area between the indicated pressure limits may be meas- 
ured with a planimeter or by any other method of approxi- 
mation suitable for a finite area. For example, the area 
within the limits outlined above as determined with a plani- 
meter is equivalent to 3515.8 ft-lb of energy which is used in 
the flowing progress to overcome frictional effects, to increase 
the kinetic energy of the gas as represented by a velocity 
change, and to lift the lb of gas from a depth of 2500 ft to 
the wellhead. 


Equation (11) requires the evaluation of another quantity: 


‘270 
2,500 


2,250 


2,000 


DEPTH, FEET 


1,000 


PRESSURE, pelo (P) 


1.05 110 
SPECIFIC VOLUME, CU. FT. PER LB. (v) 


FIG. I—GRAPHICAL EVALUATION OF ENERGY REQUIRED FOR MOVING 
ONE LB OF FLUID TO THE WELLHEAD FOR A FLOWING GAS WELL, 


ee vdP. 
ee d Pw 


“Vol. 189, 1950. 


PETROLEUM TRANSACTIONS, AIME 


T.P. 2777 


fv 

- vdL. 

By plotting specific volume squared against depth as illus- 
trated in Fig. 2, the quantity may be found by measuring the 
area between the curve and the depth ordinate within the 
proper depth limits. The actual measurement of the area is 
similar to that described in the preceding paragraph. The area 
on Fig. 2 bounded by the wellhead depth (L = 0) anda depth 
of 2500 ft was found by measurement with a planimeter to 
be 2839.3 units whose dimensions are volume squared times 
length divided by weight. Multiplication of these units by the 
proper quantities as indicated in equation (11) converts them 
to work in ft-lb. 


The evaluation of the remaining terms of equation (11), 
the work required to lift 1 lb of gas to the wellhead and the 
work converted to kinetic energy requires the substitution of 
the proper quantities into the equation. The work necessary 
to lift 1 lb of gas through a vertical distance L is L ft-lb. The 
value of the kinetic energy term of equation (11) is found 
by substituting the values for the rate of flow, wellhead spe- 
cific volume and specific volume at the given depth, and the 
inside diameter of the pipe. 


The complete solution of equation (11) for the friction 
coefficient covering three successive depths for a flowing gas 
well (data presented in Table I) is given in Table II. The 
energy terms apply to 1 lb of gas flowing in the well. Item 1 
shows the available energy for the flow process from the indi- 
cated depths to the wellhead. The energy required to lift the 
lb of gas to the surface and the energy used to increase the 
velocity of the gas are given opposite items 2 and 3, respec- 
tively. The excess of the available energy over that required 
to lift the gas and increase its velocity is transformed into 
heat by frictional effects (item 4). The remainder of the 
table illustrates the method of computing friction coefficients 
and friction factors from data on the amount of energy ex- 
pended to overcome friction. 


OEPTH, FEET (L) 


110 1.20 
(SPECIFIC VOLUME ,CU.FT. PER L8.)2 (v2) 


L 
FIG. 2—GRAPHICAL EVALUATION OF THE intecrat J vdl 
FOR A FLOWING GAS WELL. 
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Table II 


Evaluation by Graphic Integration (Method I) of 
Frictional Effects, Friction Coefficients and Friction 
Factors for a Flowing Gas Well in the 
Panhandle Field, Texas 


Depth considered, ft 2000 2250 2500 
(1) Available energy, 
Ps 
144 iE __vdP, ft-lb 2903.8 3,262.9 3515.8 
(2) Energy to lift gas, L., ft-lb 2000.0 2250.0 2500.0 
(3) Energy converted to kinetic 
2? a Wy Me 
energy = rete) 1.4 1.6 eth 
2.5515 x 10°d' 
(4) Frictional effects = 
f OC if 
ae 7 vdL, ft-lb 
Foul pixel Oldie? 
= (1) - (2) - (3) 902.4 1011.3 1014.1 
2G? 
(5) pete ed 103.92 103.92 103.92 
§3.157-« .10°d° 
L 
(6) f vdL 2302:4 2572.5 2839.3 


0 


(7) Friction coefficient. 


f= (4)/(5) x (6), 


dimensionless 0.003772 0.003783. 0.003437 
(8) Friction factor, 
pe 
\ dimensionless 16.28 16.26 17.06 


Note: Well was flowing at the rate of 5904 Mcf per 24 hours 
(14.4 psia, 60°F) through a 5.012 in. inside diameter 
flow string. 


The percentage distribution of the available energy among 
friction, lifting, and velocity increase is shown in Table III. 
For this particular well producing gas through a 5.012-in.- 
inside-diameter flow string at a rate of 5904 Mcf per 24 hours 
approximately 30 per cent of the available energy was con- 
sumed in overcoming friction; the remaining 70 per cent was 
used to lift the gas to the wellhead, and 0.05 per cent of the 
energy was used to increase the velocity of the gas. In com- 
parison with frictional effects and lifting requirements the 
loss due to velocity increase was negligible. 


The difference between frictional effects as reflected by 
energy, friction coefficient or friction factor as shown in 
Table II for the same flow rate in the same well but from 
different depths probably can be attributed to errors in the 
measurement of pressure. 


Method II (mathematical integration) 


Equation (23), (or equation (24) ), which was obtained by 
mathematical integration of the energy-balance relationships 
is in convenient form for computing friction factors for flow- 
ing gas wells if the flow rate and the pressure at a given depth 
in the well is known. 
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Table II 


Distribution of Available Energy for a Flowing Gas 
Well in the Panhandle Field, Texas 


Per Cent for Flow from Indicated Depths, ft 
Distributi f Ene! 
istribution of Energy A wip 5500 
Listing veer testament imerasnlote fore eromngrss 68.87 68.96 71.11 
Kinetio: sats.) Aceietees aoreite oe 05 -05 05 
Frictional effects: ..fe0sc.cee meh eel 31.08 30.99 28.84 
Total or available energy..........-....+- 100.00 100.00 100.00 


Employing the same data presented previously to illustrate 
the use of Method I, with estimated effective temperatures and 
compressibilities, friction factors may be computed by means 
of equation (23). The required data are illustrated in Table 
IV, which contains part of the data presented previously in 
Table I. In addition, Table IV shows effective temperatures 
and compressibilities estimated for the flowing column of gas 
to the indicated depths. 


Exact methods of estimating the effective temperature and 
compressibility to describe adequately the behavior of a col- 
umn of gas are not known. If the temperatures measured at 
different depths in the flowing well (Table I) are plotted as 
a function of depth on regular coordinates, a curve is obtained 
which changes from a straight line near the surface to a 
curved line at the lower depths. The values of effective tem- 
peratures presented in Table IV were obtained by determin- 
ing the area within the limits of zero depth and the depth 
under consideration between the depth-temperature curve and 
a given reference temperature; the measured area was then 
divided by the specific depth under consideration to obtain 
an effective temperature. 


Table IV 


Friction Factors and Data Required for Their Com- 
putation by Mathematical Integration (Method II) 
for a Flowing Gas Well in the Panhandle Field, Texas 


Depth to Effective Effective HEE 
Flow Rate, Pressure - Pressure at | Tempcrature | Compressibi- Factor. 1 
M cu ft per Datum Indicated to Depth, | lity to Depth, ade ao 
24 Hours Point, ft Depth, psia OF Dimensionless Dimensionless 

5,904 0 244.6 

5,904 50 245,.0 

5,904 1,000 253.9 

5,904 2,000 263.4 80.7 0.964 16.27 

5,904 2,250 265.8 81.3 964 16.25 

5,904 2,500 267.5 82.0 964 17.05 


d, inside diameter of flow string, in.=5.012 
G, specific gravity of gas (air=1.0)=0.708 


Other methods of arriving at an effective temperature have 
been devised but the superiority of any one method is not 
known. 
The effective compressibilities given in Table IV are those 
computed for the gas under pressure and temperature condi- 
tions at the midpoint of the flowing column of gas. 
Substitution of the data shown in the first five columns of 
Table IV, with the values of the inside pipe diameter and the 
specific gravity of the gas, into equation (23) permits calcu- 
lating the friction factor shown in the last column of Table 
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IV. For example, after substituting the values given for the 
depth of 2500 ft in Table IV into equation (23), the friction 
factor may be computed by completion of the indicated 
arithmetical operations in the following expressions: 


108 x 2500 


$= exponent of e = 0.037504 ———_— 
.964 x 541.6 


s = 0.12714 
Se 11356 


5,904,000 = 19,686 (=: ) ob 
964 x 541.6 f 
\ 5.012° ( 
Ais 
or \; = NAYS) 


Values of the number e raised to powers may be taken from 


267.5" — 1.1356 x 244.6 ) 
J.1356=1 


mathematical tables, computed with logarithms or calculated’ 


by means of the infinite series: 


s° s* 

— +—+.... 

Oger oe 

Previously, friction factors for the same depths and _ basic 
data were computed by Method I, involving graphic integra- 
tion, and were presented in Table II. Friction factors com- 
puted by~-Methods I and II and shown for comparison in 
-Table V indicate that by either method virtually identical 
results are obtained. Data shown in Table V indicate for the 
given example that the estimation of effective temperatures 


e=ltst—t 
2 


and compressibilities by Method II gives accurate results. 
The friction factors, presented in Table V, agree closely 
for depths of 2000 and 2250 ft but have a much higher value 
for a depth of 2500 ft; the difference probably is the result 
of error in pressure measurement at a depth of 2500 ft. Pres- 
ent-day knowledge of friction factors for gas wells is too 
limited to permit conclusions as to the accuracy of data shown 
in Table V, which are presented only to show the close agree- 
ment of friction factors calculated by two different methods. 


Table V 


: F oon Factors Computed by Method I (Graphic 
Integration) for a Flowing Gas Well in the Panhandle 
Field, Texas 


Flow Rate, 


Depth Friction Factors 
Considered, 

: pe ae : ft Method I Method II 
be 2% 2,000 16.28 16.27 
i 3904 2:250 16.26 16.25 

= 5,904 2,500 17.06 17.05 
SUMMARY 


Two methods of calculating friction factors from data taken 
- on flowing gas wells are presented in this report. Method I, 
~ which requires flowing pressures and temperatures at several 
points in the flowing gas stream, provides a solution for the 
~energy-balance equation by graphic integration over the actual 
g path of the expansion of the fluid in the well. In Method II, 
- the energy-balance equation is integrated mathematically, the 


/1 199 1050 


T.P. 2777. 


assumption having been made that the flow in a gas well is 
isothermal and at a constant compressibility, even though 


the temperature and compressibility of the fluid vary through 
wide limits. 


The graphic integration of the energy-balance equation 
(Method [) provides a means of determining the energy avail- 
able for lifting the fluid from the well and overcoming fric- 
tion as the integration follows the expansion of the fluid along 
the path determined by temperature, compressibility and phase 
changes. Thus, condensation of liquids and wide variations in 
temperature and compressibility are taken into account with- 
out the necessity of making assumptions that may or may not 
apply. Method I, therefore, is particularly applicable in ca)- 
culating friction factors for deep high-pressure and high-tem- 
perature gas wells. 


The accuracy of Method I depends upon the efficiency of 
the graphic integration. The curves, illustrated by Fig. 1 and 
2, should be plotted on suitable coordinates so that the areas 
are large enough to permit accurate measurement with a 
planimeter. If a planimeter is not available, one of several 
methods of estimating areas may be used. 


Tke mathematically integrated equation (Method II) as- 
sumes a definite path for the expansion of the fluid in the 
well with both the temperature and the compressibility fixed 
at constant values. Its accuracy depends upon the degree to 
which the effective temperature and compressibility approxi- 
mate conditions in the well. Method II provides a convenient 
and practical method for calculating friction factors from data 
on flowing gas wells and lends itself readily to the calculation 
of subsurface pressures in a flowing gas well which cannot be 


accomplished by Method I. 
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DISCUSSION 


By C. W. Binckley, Phillips Petroleum Co., Bartlesville, Okla.: 
The vertical flow equation developed by Smith in his paper 
and described as equation (24) is the equation generally used 
to compute bottom-hole flowing pressures in gas and conden- 
sate wells. In the use of the equation, it is necessary to first 
obtain friction factors, an effective temperature factor of the 
gas stream and an effective compressibility factor. The accu- 
racy of the computed bottom-hole working pressures is pri- 
marily dependent upon the accuracy of the friction factors 
and the validity of the methods used to determine the effective 
temperature and effective compressibility factors. 


Several engineers have recently attempted to develop a 
general vertical flow equation for gas in which the temperature 
and compressibility are included as functions of depth and 
pressure. Such an equation could be used to compute bottom- 
hole flowing pressures by application of suitable friction fac- 
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tors. An equation of this nature has not been published and 
I do not believe one has been developed in a usable form. 


Smith gives us a different approach to the problem. He — 


describes a graphic integration method for determining fric- 
tion factors by use of well test data. He then proceeds to show 
that by use of the general vertical flow equation, assuming an 
effective compressibility and temperature found at the mid- 
point of the flowing gas column, that a very close check is 
obtained for friction factors determined by the equation and 
by the graphic integration method. The check on friction 
factors was obtained by using data taken on a well with a 
relatively low pressure and low temperature flowing gas 
column. 

The application of the procedures described in the paper to 
the determination of effective compressibility for high temper- 
ature and pressure gas columns of wells is not discussed by 
the author. This is an important point in improving the results 
of computed bottom-hole flowing pressures. For example, the 
graphic integration method can be used to establish friction 
factors. The friction factors can be used in connection with 
the general vertical flow equation and temperature gradient 
data to establish the effective compressibility. If the nature 
of the effective compressibility can be ascertained, we will 
have a better approach to the computation of reliable bottom- 
hole flowing pressures. In fact computed pressures should be 
as reliable as those measured with the bottom-hole pressure 
gage. 

Furthermore, by proper correlation of experimentally de- 
termined friction factors with Reynolds numbers or other in- 
dexes and by use of a method for determining effective com- 
pressibility, it is probable that accurate bottom-hole flowing 
pressures can be established for all wells in a field by obtain- 


ing basic test data on a few representative wells. ig Gem G iS 
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PERFORMANCE CHARACTERISTICS OF A VOLUMETRIC 


CONDENSATE RESERVOIR 


F. H. ALLEN AND R. P. ROE, MEMBERS AIME, STANOLIND OIL AND GAS COMPANY, TULSA, OKLAHOMA 


ABSTRACT 


The performance history of a volu- 
metric gas condensate reservoir is pre- 
sented. Curves depict the pressure-pro- 
duction relation and illustrate the phase 
behavior of the reservoir fluid. This 
performance is compared to calculated 
performance. 


This Bacon Lime Reservoir. was dis- 
covered in 1941 and has been produced 
to field separators and gas sales. Res- 
ervoir performance has been observed 
by periodic bottom hole pressure sur- 
veys and companion sample analysis of 

_ well effluents, in addition to gas and 
condensate production data. 


The pressure-production history dem- 
onstrates that the reservoir has pro- 
duced under volumetric control. The 
“retrograde” behavior of the reservoir 
fluid is illustrated by decreasing bu- 
tanes-plus content of the well effluent, 
followed by revaporization as the reser- 
voir pressure approaches abandonment. 
Calculated performance predictions are 
compared to actual performance and 
some discussion offered on apparent 
discrepancies. 


INTRODUCTION 


Since the late 1930’s, many gas con- 
densate recervoirs have been developed, 
the retrograde theory of phase be- 
havior has been generally accepted, 
and a number of cycling programs have 
been initiated. Numerous technical pa- 
pers have since appeared in the litera- 
ture dealing with the theory and appli- 

cation of cycling the gas condensate 
reservoirs. Some cycling operations have 
_now advanced to a stage where it is 


— possible to determine performance char- 


acteristics to a fair degree of accuracy. 


1 References are given at end of paper. 


“— Manuscript received at the office of the 


_ Petroleum Branch Oc-ober 3, 1949. Paper pre- 
sented at the Petroleum Branch meeting in 
San Antonio, October 5-7, 1949. 
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Field performance data for gas con- 
densate rezervoirs operated by pressure 
depletion have not been so extensively 
reported in the literature, although their 
probable behavior has been discussed 
in explanation of the retrograde theory. 
It is the purpose of this paper to com- 
pare calculated theoretical reservoir 
performance with field observations and 
well stream analyses which have been 
obtained throughout the practical pro- 
ducing life of a small volumetric gas 
condensate reservoir. 


The reservoir under study is the 
Bacon Lime Zone of a field located in 
East Texas. The Bacon Lime occurs in 
the Lower Glen Rose Formation of 
Cretaceous Age. This Bacon Lime Res- 
ervoir is encountered at an average 
depth of 7600 ft (7200 ft subsea eleva- 
tion) and comprises approximately 
3100 acres located on a structural high 


with 80 ft of productive closure. The 
producing formation consists of ap- 
proximately 50 ft of dense crystalline 
fossiliferous dolomite of generally low 
permeability with typical wide varia- 
tion in both permeability and porosity, 
the more permeable stringers measuring 
30 to 40 millidarcys. The average poros- 
ity is estimated to be 10 per cent with 
a connate water saturation of approxi- 
mately 30 per cent of the pore space. 
The reservoir temperature was found to 
be 220°F and the original pressure was 
3691 psia at —7200 ft elevation. 


The reservoir was discovered in No- 
vember, 1941, and is now essentia!ly 
depleted. Throughout most of its pro- 
ductive life, from the standpoint of 
cumulative withdrawals, the reservoir — 
has been produced by five wells. During 
its latter stages of depletion, 16 wells 
were completed in the Bacon Lime. 
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100 


been observed between the wells pro- 
ducing from this zone. Early in the 
life of the reservoir, it was concluded - 
that it would not be feasible to attempt 
cycling or pressure maintenance in this | 


Remarkably poor communication has er 


small reservoir. The reservoir has, there- 
fore, been produced by pressure deple- 
tion with three-stage separation. The 
first separator has been operated at 
approximately 500 psig throughout most 
of the producing life of the reservoir 4, 
and the second or intermediate stage at ve 
40 psig. The estimated ultimate recov- 10 a. aamnin i 
ery by this means is in excess of 21,- & Aki + | 
000,000 Mcf of gas and 850,000 bbl of e 

condensate. The production history of : t 

Cedede ‘ = °O 

the reservoir is shown in Fig. 1. Vy 


voir fluid, based upon analyses of com- €y < 
panion samples which were obtained 
from the discovery well soon after its 
completion, was determined to be as 
follows: 


The initial composition of the reser- | ‘oO | eo : 


SS 
Zo 


Table I 


Initial Composition of Reservoir 


Fluid 


Mol. Fraction 


L =U 
Piethiane sa80 0 awk Re 0.7690 g 
Wie On eran cee SSS SS ee 0.0770 | 
Pera ete a ueeeee tet 0.0335 1 ac 
biignes 2 ns SO 0.0350 Pen, 
0 i aie ee ree 0.0210 "4 Ne 
CSAS Ee a ere 0.0150 
Meptanes.—plus 0 2 0.0369 r [ania ft 
Carbon Dioxide: =. 0.0135 = 

2a 

Heptanes - plus: 1.0000 = at 


Mol Wt 130 0.1 zh 
Sp Gr 0.7615 aa ese 1 al 7 


CALCULATED THEORETICAL pax eee + ee 
PERFORMANCE — 


Employing this initial composition 
and the vaporization equilibrium con- 
stants of Roland, Smith and Kavelez* 
corrected to a convergence pressure of 
4200 psia at 220°F, the theoretical per- 
formance of the reservoir was calcu- 
lated under the two separate assump- 
tions of flash and differential vaporiza- 
tion. These are comparable to two ~~ 100 1,000 
methods under which laboratory cell 
experiments are normally conducted in 
investigations to determine the changes a c 
which will occur in the composition of ' 
the production from a volumetric con- . 

_ densate reservoir during its depletion. RESERVOIR TEMPERATURE 20°F. 3 
The vaporization equilibrium constants ; 
which were used in these calculations 
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FIG. 2 — BACON LIME CONDENSATE RESERVOIR, VAPORIZATION EQUILIBRIUM CONSTANTS, 
3 
% 


84 PETROLEUM TRANSACTIONS, AIME - Vol. 189. 1950 | 


Ue eS Sey ee ee eee 


2 
uJ 
eo = 
pW 
> 
7) 
ue 
Oo 
uJ 
= 
= 
a) 
O 
> 


are shown plotted against pressure in 
Fig. 2. The constant for the Heptane- 
plus fraction was estimated, taking into 
account its reported molecular weight 
and specific gravity. The two types of 
estimated performance calculations are 
illustrated graphically in Fig. 3. The 
flash vaporization calculations were 
accomplished by assuming a constant 
composition of the whole system and 
computing the composition and volumes 
of each phase which resulted at suc- 
cessive reductions in pressure. The dif- 
ferential vaporization calculations were 
made hy flashing the original composi- 
tion to the first pressure from which the 
compositions and volumes of the two 
phases were computed. The volume of 
the vapor phase which it was necessary 
to produce in order to maintain a con- 
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stant volume was then calculated and 
the number of mols of each component 
in the vapor represented by this volume 
was subtracted from the system. This 
resulted in a new over-all composition 
which was then flashed to the second or 
next lower pressure. This series of cal- 
culations representing differential va- 
porization assumed that only the vapor 
phase was produced from the reservoir 
with no flow, or production of the liq- 
uid phase. The resulting variations in 
composition of the vapor phase which 
was assumed to represent the compo- 
sition of the well stream during the 
decline in reservoir pressure under both 
these methods of calculated theoretical 
performance are shown in Fig. 4. The 
two methods of calculation indicate the 
same well stream composition until the 
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reservoir pressure drops to approxi- 
mately 1500 psia after which differen- 
tial vaporization produces greater re- 
vaporization of the ethane through hex- 
anes components than is obtained from 
the flash vaporization process. Both va- 
porization processes indicate significant 
revaporization of the heavier compo- 
nents at reservoir pressures below 1200 
psia. The pressure at which revaporiza- 
tion commences for each component 
varies progressively from approximately 
3000 psia for ethane to about 1400 psia 
for the heptanes-plus fraction. 


Gas deviation factors determined from 
reduced temperature and pressure cor- 
relations shown in Fig. 5 indicate essen- 
tially no difference in compressibility 
of the vapor phases obtained from the 
differential and flash vaporization proc- 


FLASH (CONSTANT COMPOSITION-VARIABLE VOLUME) 


= 

w 3.0 

od 

i) 

> 

w 

6 2.0 

S ORIGINAL DEW POINT 
Ss GAS VOLUME 
=) 

(Or dhe) 

> 


3,690 3,400 


DIFFERENTIAL (VARIABLE 


! | 
2,9 —____——__ at 
| | 
ORIGINAL AND| | 
FINAL VOLUME] fan 
1.0 
ze) 
3,690 3,400 


3,000 


3,000 


SLLMMELEESS La 


2,200 1,800 


2,600 
PRESSURE-P.S.I.A. 


2,600 2 200 
PRESSURE-P.S.I.A. 


1,800 


a. 
SUSTTEEMIAD EEE 


1,000 


WELISELSSEREL 


1,400 


COMPOSITION =CONSTANT VOLUME) 


ft 


itt te 


INCREMENT 
or te : 
| | el | | 
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esses. The calculated compressibility of 
the vapor phases, with and without ret- 
rograde condensation, differ markedly. 
The pressure reduction versus cumula- 
tive gas production relationship was 
practically identical for the two vapori- 
zation processes. The specific volumes 
calculated for the two phases as illus- 
trated by Fig. 6, give some idea of the 
similarity of properties of the two 
phases at high pressures. Again, the 
difference in the two computations is 
demonstrated by different values of 
vapor specific volumes at the lower 
pressures. Definite variation in the vol- 
umes of liquid condensed by the two 
vaporization processes was computed as 
shown in Fig. 7. The reservoir fluid 
was indicated to be at its dew point 
initially. 

A qualitative indication of the phase 
envelope based on the estimated origi- 
nal critical point and the upper dew 
point of the initial reservoir hydro-car- 
bon system, and the liquid volume satu- 
rations at reservoir temperature as in- 
dicated from the flash vaporization proc- 
ess is shown in Fig. 8. It is of interest 
to note the changes which occur in the 
critical point and the upper dew point 
of the remaining reservoir hydrocarbon 
fluids at reservoir temperature as the 
_ pressure depletion progresses under dif- 
ferential vaporization. 


OBSERVED RESERVOIR 
PERFORMANCE 


The calculated performance of res- 
ervoir pressure decline with cumulative 
gas withdrawals, with and without cor- 
rection for gas compressibility factors, 
is plotted in Fig. 9. Points represent 
average reservoir pressures obtained 
from field pressure surveys. Gas with- 
drawals have been converted to a wet 
' gas basis and most pressures were vb- 
tained by bomb after a minimum of 
48-hour shut-ins. Good agreement was 
obtained on most surveys in view of 


COMPOSITION —- MOL FRACTION 


the apparent lack of communication 


between individual wells. A “best line” 
through the points indicates the actual 
pressure production trend to be leveling 
out slightly and is interpreted as being 
production from extremely tight por- 
tions of the reservoir rock. The same 
figure shows the recovery rate of stock 
tank liquid condensate and indicates no 
substantial increase in liquid recovery 
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rate due to revaporization at the lower 
reservoir pressures. 

Companion samples of the well 
stream from two wells and reservoir 
pressure measurements from several 
wells were obtained at intervals of six 
months throughout the productive life 
of the reservoir. The pressure measure- 
ment and sampling interval was reduced 
to three months during the latter stages 


of the reservoir depletion. The com- 
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positions of the well stream which 


were obtained from this series of sam- 
ple analyses are indicated in Fig. 10. 
It will be noted that in the main, the 
obzerved changes in composition of the 
well stream during the depletion of the 
reservoir conformed reasonably well 
with the theoretical compositions re- 
ported in Fig. 4. The observed variation 
in molecular weight and specific grav- 
ity of the heptanes-plus fraction of the 
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FIG. 4 — BACON LIME CONDENSATE RESERVOIR, CALCULATED THEORETICAL COMPOSITION 
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well stream which occurred during the 
productive life of the reservoir are 
indicated in Fig. 11. This variable na- 
ture of the heptanes-plus fraction was 
not considered in making the theoreti- 
cal calculations. 


Of principal interest in an economic 
analysis of condensate reservoir per- 
formance is the concentration of the _ 
butanes-plus fraction which occurs in 
the produced well streams throughout 
the depletion of the reservoir. The ob- 
served history of the butanes-plus con- 
centration in the produced well streams 
as indicated from the series of com- 
panion samples is plotted in Fig. 12. 
These data illustrate definite revapori- 
zation of these fractions from the con- 
densed liquid in the reservoir. This in- 
crease was not reflected in stock tank 
liquid recovery, however, as illustrated 
in Fig. 9. Superimposed on these data 
is the butanes-plus concentration which 
was calculated under the two assump- 
tions of differential and flash vapori- 
zation. It was found that the early life 
of the reservoir is characterized by sub- 
stantially higher concentration of bu- 
tanes-plus in the well stream analyses 
than was: predicted under the calcu- 
lated theoretical performance. Theoreti- 
cal calculations show that 54 per cent 
of the original butanes-plus material 
should be produced down to a reservoir 
pressure of 600 psia. Allowing for. nor- 
mal separator recovery factors, the cu- 
mulative stock tank recovery would be 
1.54 GPM compared to initial recovery 
of 3.50 GPM. Actually, the cumulative 
stock tank recovery to 600 psia has been 
1.70 GPM as compared to an initial 
average recovery of 3.60 GPM. 


COMPARISON OF 
ESTIMATED AND ACTUAL 
RESERVOIR PERFORMANCE 


Several possible interpretations have 
been proposed for the variation between 
the observed and the theoretical esti- 
mated reservoir performances which are 
most evident in Fig. 12. One of these 
lies in the possibility that the initial 
companion samples were not entirely 
representative of the original reservoir 
fluid due to the pressure draw-down 
which was required for production dur- 
ing the sampling operations. This might 
have resulted in condensation around 
the well bore to produce a well effluent, 
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which was unduly rich in the lighter 
hydrocarbons. A second possible ex- 
planation is derived from the fact that 
small amounts of nitrogen, never in ex- 
cess of one mol per cent, have been 
picked up in several of the sets of 
companion samples during the life of 
the reservoir. Nitrogen was not included 
in the original analysis of the reservoir 
fluids nor taken into account in the cal- 
culations. It is conceivable that the 
nitrogen exerted a depressing effect on 
the methane volatility which was not 
taken into account in the calculations. 
This effect may be discounted somewhat 
by the probably opposite effect nitrogen 
would have on the convergence pressure 
and thus on the equilibrium constants 
for the other components. An adjust- 
ment in the constant for the heptanes- 
plus fraction to account for its chang- 
ing properties would tend to give a 
smaller calculated GPM content in the 
well stream. 


A more likely interpretation, how- 
ever, of the discrepancy between the 
observed and the estimated theoretical 
performance seems to be that liquid 
condensate was flowing into the well 
bore throughout most of the life of the 
reservoir which resulted in increasing 
the observed GPM of the well stream. 


Following this hypothesis, an approxi- 


mate Kg/Ko relationship was estimated 
‘by assuming that the difference between 
the observed and calculated GPM val- 
ues shown in Fig. 12 was produced from 
the reservoir formation as a liquid. The 
liquid hydrocarbon saturations obtained 
from the differential vaporization cal- 
culations were considered to be uniform 
throughout the reservoir rather than 
concentrated in the vicinity of the well 
bore. A connate water saturation of 30 
per cent of the reservoir pore space and 
a constant gas-liquid viscosity ratio of 
1:20 were employed in determining 
these approximate Kg/Ko relationships. 
The results of these calculations are 
shown in Fig. 13 along with several 
laboratory gas-oil relative permeab’li- 
ties which have been reported in the 


literature. The estimated Kg/Ko rela- 


tionship for the Bacon Lime Reservoir 


falls well within the range of the pre-— 


viously reported experimental data and 
closely approximates the limestone rela- 
tive permeability relationships reported 
by Bulnes and Fitting* except for the 
steeper slope of the approximated Ba- 
con Lime Kg/Ko curve. It must be 
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recognized, however, that neither of the 
calculated rezervoir performances as- 
sumed the possibility of the production 
of liquid condensate from the reservoir. 
Liquid condensate production would re- 
sult in a progressive reduction in the 
reservoir liquid hydrocarbon saturation 
which should, in turn, decrease the 
slope of the approximate Kg/Ko curve 
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shown on Fig. 13. This effect would, of 
course, be limited by the equilibrium 
saturation for liquid flow. 

This part of the relative permeability 
relationship reprezenting liquid satura- 
tions just in excess of the equilibrium 
value for liquid flow has not been em- 
phasized in laboratory measurements of 
relative permeability relationships to 
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the same extent as the other end of the 
METHANE © curve which includes the total liquid 
saturations in the vicinity of the equi- 
librium saturation for gas flow. Neither 
has it been possible to derive gas-oil 
relative permeability relationships in 
the region of the equilibrium point for 
liquid flow from actual field data. The 
0.2} — | | | availability of such gas-oil relative per- 
meability data would make it possible 
to reverse the train of calculation from 
which the Kg/Ko relationship reported 
64 Hf | | in Fig. 13 was derived and thus obtain 
ETHANE® an estimate by means of theoretical cal- 
culations of the flow rates of both gas 
06 ® | al and condensate from the formation and 
| resulting enrichment of the well streain 

aa ; HEPTANES PLUS 4 compositions. Reservoir performance 
: x BUTANES® | predictions computed in this manner 
: baa * PROPANE x would closely reproduce the observed 

changes in composition of the produc- 
| tion which occurred during the pressure 
depletion of the Bacon Lime Reservoir. 


3) 
Cs) 


PENTANES° 


02 
HEXANES ° 


COMPOSITION —- MOL FRACTION 


pee NG ONG Ses SIGNIFICANCE OF 


OBSERVED PERFORMANCE 
[ 2 | INDICATING CONDENSATE 
=e eas L REVAPORIZATION 


° ° | ) 
ee I [eg | | | Although the data from actual com- 
panion samples of the produced well 
stream reported in Fig. 12 indicate defi- 
nite revaporization of the heavier hydro- 
002 i | it | carbon components, no conclusive evi- 
: ae dence of increased recovery of these 
fractions is indicated by the conden- 
sate recovery curve shown in Fig. 9. 
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conditions. In the particular reservoir 
under study, the temperature of the 
high pressure separator gas increased 
steadily, with seasonal fluctuation, as 
reservoir pressure declined and is pres- 
ently 40°F higher than those originally 
observed. This increase in separator 
temperature with decreasing reservoir 
pressure is interpreted as the result of 
decreasing effectiveness of Joule-Thom- 
son cooling as- the well production is 

| A 4 flashed in the high pressure separator. 
< At optimum separation pressures the 

; 3 liquid condensate recovery from stage 

| separation is a direct function of the 
separation temperatures. It is, therefore, 
‘al 1 : concluded that revaporization was tak- 
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Lime Condensate Reservoir, but the 
efficiency of the conventional three- 
stage separation system had declined 
to a level which prevented any signifi- 
cant additional recovery of liquid hydro- 
carbons from the revaporization process. 


SUMMARY AND 
CONCLUSIONS 


Predicted theoretical performance for 
a small volumetric condensate reservoir 
has been calculated on the two assump- 
tions of flash and differential vaporiza- 
tion. The results of these calculations 
have been compared with observed per- 
formance determined from companion 
samples obtained throughout the pro- 
ducing life of the reservoir. It is con- 
cluded that the principal discrepancy 
between the computed and observed 
performance was due to the flow of 
liquid condensate from the formation 
which enriched the GPM of the well 
streams throughout most of the pro- 
ductive life of the reservoir. Revapori- 
zation of condensed liquids is indicated 
by the data representing the latter 
stages of reservoir depletion. It is evi- 
dent, however, that the low level to 
which separator efficiency had declined 
by the time revaporization of the heav- 
ier hydrocarbons became appreciable 
prevented taking definite advantage of 
this increased GPM of the well streams. 
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THE ESTIMATION OF PERMEABILITY AND RESERVOIR 
PRESSURE FROM BOTTOM HOLE PRESSURE BUILD-UP 
CHARACTERISTICS 


C. C. MILLER, MEMBER AIME, A. B. DYES AND C. A. HUTCHINSON, JR., JUNIOR 
MEMBER AIME, THE ATLANTIC REFINING CO., DALLAS 


ABSTRACT 


This paper presents a simple and practical method for 
the estimation of effective permeability and reservoir pres- 
sures from the rise in bottom hole pressure when a well is 
shut in. The equations on which the method is based con- 
sider a stabilized well producing from a uniform formation 
when flow is shut off at the sand face followed by the unsteady 
state flow of a compressible liquid from regions far from 
a well to points closer in during the build-up period. An 
approximation for extending the method for two-phase flow 
in the reservoir is also presented. 


In order to compare the effects of extremes in the condi- 
tions existing at the external boundary of the reservoir, two 
general equations defining the build-up characteristics of 


‘the reservoir are shown: first, for a reservoir with constant 


pressure maintained at the radius of drainage, and second, for 
a reservoir with no influx over the radius of drainage. These 
equations define the build-up characteristics for the shut-in 
well as functions of time, the permeability and porosity of 
the drainage area, the viscosity and compressibility of the 
fluid flowing, the production rate prior to shut-in, and the 
radius of drainage of the well. 


When a well is shut in at the surface, rather than at the 


~ sand face, flow will continue into the well bore after shut-in 


en 


due to the compressibility of the fluids in the bore. The 
effect upon the build-up characteristics of this flow into the 
well after shut-in has been studied by means of the electrical 
analyzer. From the basic relationships and consideration of 


1 Reference given at end of paper. 
Manuscript received at the office of the Petroleum Branch October 1, 


-- 1949. Paper presented at the Petroleum Branch meeting in San Antonio, 
- Texas, October 5-7, 1949. 


the limitations due to continued flow after shut-in, methods 
have been developed for the estimation of the effective per- 
meability of an area from the plot of the build-up charac- 
teristics of the well producing that area. Likewise, equations 
are presented for the estimation of the reservoir pressure 
from an early portion of the build-up curve. 


By means of the electrical analyzer, studies have been made 
concerning the variations in the build-up characteristics 
resulting from damaged or improved permeability in the 
immediate vicinity of the well bore. These studies show that 
the permeability estimated from the build-up curves repre- 
sents the average effective permeability of the majority of 
the drainage area and that the permeability in the immediate 
vicinity of the well does not affect this estimate. Since the 
major portion of the drawdown is in the immediate vicinity 
of the well, variations in the permeability of this area greatly 
affect the productivity of the well as expressed by the pro- 
ductivity index. From pressure build-up and productivity 
index tests the ratio of the permeability of some arbitrarily 
specified area immediately surrounding the well and the 
effective permeability in the majority of the drainage area 
can be computed. This ratio is a measure of any damage 
to the well incurred in drilling or reworking and likewise 
any benefits as a result of remedial measures. 


In build-up tests and many other tests that are made on a 
producing well it is at least desirable, if not absolutely 
necessary, that the well be stabilized prior to testing. A 
method is presented here for relating the time required to 
stabilize a well and the reservoir and fluid properties. An 
equation is also presented for approximation of the length 
of shut-in time required to obtain sufficient build-up data 
for the estimation of permeability and reservoir pressure. 
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THE ESTIMATION OF PERMEABILITY AND RESERVOIR PRESSURE FROM BOTTOM HOLE 


PRESSURE BUILD-UP CHARACTERISTICS 


INTRODUCTION 


The estimation. of the effective permeability and of the 
reservoir pressure around a well has long been a problem 
for the petroleum engineer. Permeabilities were first esti- 
mated from direct analysis of the cores taken from the well 
and later supplemented by productivity index data. These 
methods, however, do not permit determination of the actual 
permeability of the formation in that the conditions in and 
around the well bore at the time of coring or testing cause 
considerable deviation from the actual values. It has been 
pointed out by many authors””** that the rate of build-up 
in a shut-in well is affected by the permeability of the pro- 
ducing formation. It may be reasoned, therefore, that the 
build-up pressure tests should be valuable for a direct esti- 
mation of the effective permeability based on actual _per- 
formance of a well. This is especially true since the build-up 
characteristics of a well are dependent upon the permeability 
in the majority of the area of drainage and not upon the 
permeability in the immediate vicinity of the well. 


In order to secure valuable information from material bal- 
ance studies of a reservoir, reliable reservoir pressure data 
are essential. These data are frequently obtained by shutting 
in the wells and allowing the pressure to build up and 
approach reservoir pressure. It is a familiar practice to shut 
in a well and after a fixed period of time record a bottom 
hole pressure measurement which is taken to represent the 
actual reservoir pressure. This, of course, is an erroneous 
assumption, for only in fields of very high permeability will 
the equilibrium reservoir pressure be recorded, and it is 
therefore inadequate to measure the reservoir pressure in 
this manner, especially in those tight formations where the 
rate of build-up is comparatively slow. Thus, several methods 
have been devised for the estimation of the reservoir pres- 

sure. These methods are dependent upon the build-up char- 
acteristics of the well. Among the contributions to the esti- 
mation of reservoir pressure from field data are the methods 
presented by Muskat’ involving a semilogarithmic plot of 
the build-up characteristics and by Arps and Smith? employ- 
ing a rectilinear plot of the rate of build-up. Included in 
these methods are the assumptions of an incompressible fluid 
which flows from the reservoir into an open flow string in- 
creasing the back pressure on the formation. A more funda- 
mental approach to the problem has been presented by 
Muskat in which he considers a compressible fluid in a 
radial flow system with the pressure at the external boundary 
maintained constant.’ The present paper gives further consid- 
eration to this method and includes a consideration of the 
effect of varying degree of migration over the radius of drain- 
age as well as a consideration of the effect on the build-up 
curves of varying the permeability in the immediate vicinity 
of the well. 


It is the object of this paper to present a simple method 
for the estimation of the effective permeability and reservoir 
pressure from the rise in bottom hole pressure when a pro- 
ducing well is shut in. A second objective is to show that 
build-up and productivity tests furnish complementary in- 
formation for evaluating the degree of damage or improye- 
ment to the permeability in the area of the reservoir immedi- 
ately surrounding the well bore. An illustrative example fol- 
lows the discussion to assist in application of the method. 
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BUILD-UP EQUATIONS 


The equations defining the build-up characteristics for a 
well shut in at the sand face and producing from a uniform 
formation containing a homogeneous compressible liquid 
with a steady state distribution prior to shut-in are*® 


ve) =x, t 


-2 stl a Rig Ss oe 
es; Ji’ (Xa) 


n=l 
for a radial drainage area with constant pressure maintained 


at the external boundary and 


D = m - f 2 (UE n -r, ae 
ap=inr-T +2} Ji (Xn) U* (xn) = (2) 
Jess) — J, (x,) 
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nt 


for a radial drainage area with zero influx over the external 
boundary. In this later case a steady condition exists, referred 
to here also as a steady state, in which pressure gradients 
throughout the reservoir remain constant while the pressure 
throughout the reservoir is uniformly declining. 


The dimensionless variables Ap and t are defined by the 
equations 


0.001127 2rkh (p— p,) 


Ap= 3 
. QuF (3) 
and 
-  0.0002637 kt 
Cpe (4) 


four. 


* See Appendix for derivations. 
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FIG. 1 — CALCULATED RISE IN BOTTOM HOLE PRESSURE IN A SHUT-IN 

WELL. STEADY STATE PRESSURE DISTRIBUTION OBTAINED PRIOR TO 

SHUT-IN BY CONSTANT PRODUCTION RATE. SOLID LINES FOR RESER- 

VOIR WITH CONSTANT PRESSURE MAINTAINED AT THE RADIUS OF 

DRAINAGE. DASHED LINE FOR CLOSED RESERVOIR WITH NO INFLUX 
OVER RADIUS OF DRAINAGE AND r, = 4,000. 
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SHUT-IN BY CONSTANT PRODUCTION RATE. SOLID LINE FOR DRAIN- 
AGE AREA WITH CONSTANT PRESSURE MAINTAINED AT THE RADIUS 
OF DRAINAGE. DASHED LINE FOR CLOSED AREA WITH NO 
INFLUX OVER THE RADIUS OF DRAINAGE. 
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PERMEABILITY FROM THE BUILD-UP CURVE 


Examination of Fig. 1 shows that the build-up character- 
istics plotted with dimensionless variables, Ap and log t, 
appears to be a straight line in the sections of t = 10~ to 


approximately t = 10°. This apparently straight section of 
the curve is not actually a straight line as might be deter- 

mined by proper differentiation of either equations (1) or 
(2). However, this section of the curve is sufficiently straight 
for practical purposes. The straight line sections of the build-~ 
up curves in Fig. 1 are parallel as is indicated by the fact that 

the curves become coincident upon translation by the quan- 
tity In re as shown in Fig. 2. Though only one actual 
numerical evaluation of equation (2) has been calculated, 

additional curves also covering the range of re = 2000-8000 

were obtained on the electrical analyzer’ which resulted in 

coincident curves when translated by the quantity In Te. 

The slope of these lines may be taken as 1.147. This slope 
is important in that it relates the permeability and the slope 

of the straight line section of the build-up curve (when pres- 

sure is plotted vs. log time instead of vs. time) according to 

the relation 


kh 
— are enone AU) 
A(Ap) ie 141.2QuF ae 5) 
A (log t) A (log t) 


Rearranging this equation the permeability, k, may be shown 
as a function of the slope, m, of the straight line section of 
the pressure-log time build-up curve as 


j_ — 1625 Qu ie 
where mh 
k = effective oil permeability, md The semilogarithmic plot of a field build-up test will gen- 
h = effective pay thickness, ft erally show the straight line section as indicated for use in 
Q = production rate prior to shut-in, STB/Day equation (6) for permeability estimation. However, an earlier 
“ = oil viscosity, cp 
F = formation volume factor, ae Table I 
f = total porosity, fraction Build-Up Characteristics for a Shut-In Well in a 
c = mean liquid compressibility, psi~ Drainage Area Having Constant Pressure Maintained 
r. = radius of drainage, ft at the External Boundary in a Radial Flow System 
pf = bottom hole flowing pressure at time of shut-in, psi : 
p = bottom hole pressure during build-up, psi, and Well Produced at Constant Rate Prior to Shut-In to 
t = time, hours. Attain Steady State 
A numerical evaluation of equation (1) is presented in ; 7. = 2000 a a re ee = Poon aes eone 
Table I. Values of r, of 2000, 4000, 6000, and 8000 are used See ee 
_ which correspond to 18, 72, 162, and 288-acre well spacings 10” 2.261 2.954 3.360 3.647 
respectively for ry = 1/4. The evaluation of equation (2) for 107 3.401 4.094 4.500 4.787 
t. = 4000, corresponding to a 72-acre well spacing and 2x 105 3.7743 4.4674 4.8729 5.1606 
ry, = 1/4 is presented in Table II. The numerical values 5x 10 4.2045 4.89865 5.30411 5.59180 
resented in Tables I and II are also presented in graphical 10," 4.55070 5.24485 5.65031 5.93800 
Se ate : se a 2x 10° 4.89250 5.58665 5.99211 6.27980 
form: plotted.as Ap vs. log t in Fig. 1 and Ap - Inr, vs. Sonus Ease OG age Pye Bea 
Be) 10. Vie. 2- 10° 5.70280 6.38595 6.80141 —_7.08910 
It may be seen in Fig. 2 that the early part of the build-up 20s: 6.04944 6.74259 7.14805 7.43574 
is independent of the conditions existing at the radius of 5x 10° 6.50744 7.20069 7.60615 7.89384 
drainage since the curves for the build-up in an area with 10x 6.85404 7.54817 7.95263 8.24032 
constant pressure maintained at the external boundary and 25.10. 7.19597 7.88912 8.29458 8.58227 
for the build-up with no influx over the external boundary seal 7.52970 8.22285 8.62830 8.91600 
coincide in this early section. 1 7.59695 8.29010 8.69556 8.98325 
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PRESSURE BUILD-UP CHARACTERISTICS 


Table II 


Build-Up Characteristics for a Shut-In Well in a 
Drainage Area with No Fluid Migration Over the 
External Boundary in a Radial Flow System 


Well Produced at Constant Rate Prior to Shut-In to 
Attain Steady State 


: _ BR 

t re = 4000 
6252x105 5.02 
eA <i Ore 5.304 
a1 25x10 5.808277 
6:25— x 10 6.148454. 
le 2Oe x Om 6.482556 
ol 25% 10= 6.903227 
6225ex 10e 7.187298 
E25 ex One 7.409087 
3125 x 10— 7.939509 
6:25 5x 10= 7.543964 


‘pparent straight line section which is not accounted for by 
the build-up equations may be evident in this plot. The 
earlier straight line section will have a greater slope than that 
to be used in the permeability equation. In an attempt to 
discern the cause of this variation from the calculated build- 
up curve, possible deviations from the conditions specified 
in the derivations of the equations for the build-up relations 
were examined, and it was found that the most obvious devia- 
tion was the fact that the build-up relations were derived for 
a well shut in at the sand face. In actual field build-up 
testing the well is closed in at the surface and there is flow 
into the well after shut-in due to the compressibility of the 
fluids in the well bore. This flow into the well after shut-in 
will be at a rate equal to the production rate prior to shut-in 


at the stari of the test and will drop to zero as the pressure - 


is finally built up. Several methods were tried in an attempt 
to find an analytical solution for the build-up relations con- 
sidering this declining rate of flow into the well after shut-in. 
However, because of the complexity of analytically describing 
changes occurring in the well bore a complete study of the 
effects was not made. The electrical analyzer’ was used to 
illustrate these possible effects and their magnitudes on the 
build-up curves. Studies with the electrical analyzer were 
conducted such that the well was drawn down for a constant 
production rate to produce a steady state prior to shut-in. A 
constant pressure was maintained at the external boundary. 
Upon attainment of the steady state distribution, the well was 
shut in and the build-up measured as a function of time. It 
was found that for a well shut in at the botton the electrical 
analyzer produced a curve matching the calculated curve as 
obtained from equation (1). In the section of the build-up 
plot from t = 10~ to 10~ the analyzer curve and calculated 
build-up curve coincided precisely. However, in the section 
= 10“ to t= 10™ slightly lower values were observed in 
the analyzer curve. This may be attributed to insufficient 
subdivision of the close in portion of the reservoir in the 
analyzer. The deviation, however, was insufficient to invali- 
date the use of the analyzer for these experiments. This 
problem might be attacked by the LaPlace Transformation 
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methods of Hurst and Van Everdingen.” However, the 
authors have not investigated this possibility since the elec- 
trical analyzer was available. 

In order to obtain the build-up characteristics of the well 
in the case where there is flow into the well bore after shut- 
in, it was necessary to simulate the well bore in the elec- 
trical analyzer. This was accomplished by means of the 
addition of capacitors at the well end of the reservoir. These 
capacitors were contained in an expansion unit such that the 
capacitance could be varied as the pressure at the bottom of 
the well varied. Of course, as oil flowed into the well after 
shut-in the average compressibility of the bore fluid decreased, 
necessitating a decrease in the electrical capacitance of the 
well bore unit of the analyzer. The capacitance of the bore 
was computed from the pressure-volume curve of the reser- 
voir fluid. Two situations were considered for this type of 
test. The first case considered flow into the well bore after 
shut-in with the well containing only gas prior to shut-in. 
Although such a situation of only gas in the bore prior to 
shut-in will never actually exist in an oil well, this condition 
was studied as the large gas compressibility would cause a 
maximum deviation from the curve for a well shut in at the 
sand face. A 10,000-ft well drilled on a 72-acre spacing (1000- 
{t radius) was chosen for this study. The second case consid- 
ered a 10,000-ft well bore filled with gas and oil prior to 
shut-in. Approximately 45 per cent of the bore volume was 
occuped by undissolved gas prior to shut-in for this test. The 
two curves that were produced from these tests of flow into 
the well bore after shut-in under the conditions just cited are 


shown plotted with dimensionless variable Ap and t in Fig. 3. 
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FIG. 3 — THE EFFECT OF FLOW INTO THE WELL AFTER SHUT-IN ON. THE 
BUILD-UP CURVE. 
OIL AND GAS FILLED WELL BORE 10,000-FT WELL. 
GAS FILLED WELL BORE 10,000-FT WELL. 
CALCULATED CURVE FROM EQUATION (3). TIMES GIVEN FOR K/u 
VALUES ABOVE FOR SYSTEM $= 0:27" 15x 10 psi, AND 
r, = 4,000. 
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The calculated curve for. the range of build-up considered 

_is also included in Fig. 3 to provide a means for comparison. 
It will be noted that the flow into the well after shut-in causes 

-a delaying action in the build-up as might be expected. How- 
ever, after a comparatively short period of time a rapid build- 
up occurs and the curve becomes parallel if not practically 
coincident with the calculated curve assuming no flow into 
the well after shut-in. It will also be noted that an earlier 
straight line section which deviates from the calculated curve 
is present in these electrical analyzer build-up curves as had 
been expected. This is in direct correspondence with the 
earlier straight line section that is obtained in actual field 
build-up test curves. 


The development for the equations for the build-up rela- 
tions has considered that a uniform permeability exists in 
the reservoir. This situation, however, is not true and its 
effect has been considered by means of further electrical 
analyzer comparisons. It may justifiably be assumed that in 
the immediate vicinity of the well bore there may be a 
damaged or improved permeability area caused by the drill- 
ing procedures or treatment. The electrical analyzer was 
used to determine the effect on the build-up characteristics of 
such a damaged or improved area in the immediate vicinity 
of the well. This was accomplished by changing the resistance 
around the well in the analyzer, which change would depict a 
change in permeability immediately around the well. The 
radius of drainage of the well studied on the analyzer was 
1000 ft. For the illustration of this effect the permeability to 
-a radius of 23 ft from the well was changed to represent a 


_ twofold and a fivefold increase and a decrease to 1/2 and 


1/5. A constant drawdown was maintained for these tests, 
so necessarily the production rates for these runs varied 
where there was a change in permeability. Pressure build-up 
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curves obtained in these tests are shown plotted with dimen- 
sionless variables in Fig. 4. The dimensionless variable pro- 


portional to pressure, Ap, is defined by the equation 
= 0.001127 27kh 


Ap = 
FQu 


where k is the permeability of the majority of the reservoir 
and not that of the damaged or improved area in the imme- 
diate vicinity of the well and pe is the pressure at the radius 
of drainage at shut-in. These curves show that the effects of 
this damage or improvement are very rapidly eliminated in 
the build-up and that the curves soon coincide with the cal- 
culated curve. It may be noted at this point in the case where 
either increase or decrease in the permeability is exhibited 
in the immediate vicinity of the well the drawndown will be 
greatly different from the drawdown that would be exhibited 
in the same reservoir with a constant permeability through- 
out the drainage area. Thus, the permeability that is calcu- 
lated from the slope of the straight line section of the build- 
up curve represents the actual effective permeability in the 
majority of the drainage area of the reservoir and is not 
affected by high or low permeability sections in the immediate 
vicinity of the well. This fact suggests a method for evaluat- 
ing the conditions in the immediate vicinity of the well. This 
type evaluation will be discussed later. 


(pe—p) Nin eee 1S) 


The analysis of the effects on the build-up curve caused 
by existing conditions different from those assumed for the 
derivations of the equations should be continued to include 
the conditions where both local variation in permeability and 
flow into the well bore after shut-in exists. This problem was 
also treated by means of the electrical analyzer considering a 
10,000-ft well filled with gas and oil prior to shut-in and 
including local permeability variations used in the previous 
tests. The results of these tests are shown plotted with dimen- 
sionless variables in Fig. 5. It may be seen in these curves, 
as in the curves for the tests considering damage or improye- 
ment and flow into the well bore after shut-in separately, that 
the curve approaches a condition where it is parallel to the 
calculated curve for a well shut in at the sand face and with 
uniform permeability throughout the drainage area. This 
would indicate that the section of the straight line that is 
parallel to the calculated curve may be used for perme- 
ability determination without error. However, much of the 
straight line section of the curve has been masked by the 
effects of flow into the well bore after shut-in, and it is 
necessary to make an opportune choice of the section of the 
curve that is to be employed in the permeability equation, 
since only a small portion of the total curve may be parallel 
to the calculated straight line section. 


In order to develop a method to determine that the proper 
portion of actual field build-up test curve has been used in 
permeability determination, it is necessary to consider the 
calculated curve. The upper limit of the straight line section 
(Fig. 1) is approximately t = 2x 10~ for a reservoir with 
constant pressure maintained at the radius of drainage and 
t= 3x10~ for a closed reservoir. A possible check of the 
upper limit of the straight line section of the actual field 
build-up test curve is suggested by this fact and may be 
accomplished by checking the upper limit of the actual field 
build-up plot for conformity with this upper limit of the 
straight line section of the calculated curve. In the calcula- 
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tion of t from equation (4) it is necessary to assume a value 
of r.. If the well were stabilized prior to shut-in as required 
by equations (1) and (2) such that the pressure wave would 
have reached its maximum radius, the radius of drainage 
may be approximated from well spacing. If the final break 
in the field curve is included in the observed data (not an 


apparent break due to well bore effects), the calculated t for 
the last point of the straight line section should be of the 
order of 10~. Due to the long times required this final break 
is rarely obtained, in which case the last observed point 


usually gives a t falling in the range of 107 to 10°. If a 
straight line section is selected that is too early in the build- 
up curve and with too great a slope due to flow into the well 
after shut-in, the time as well as the permeability determined 
will be too low, giving a value well below the cited range. 


NON-STABILIZED CONDITIONS 


In actual practice there may be an additional deviation 
from the conditions assumed in the derivations for the build- 
up characteristic equations. This deviation arises from the 
fact that a considerable period of time is required for stabili- 
zation of the well to essentially steady state conditions prior 
to shut-in. However, the necessary steady state is sufficiently 
approximated in many cases to make the equations applicable. 
In the case of a well definitely unstabilized at the time of 
shut-in the analysis breaks down. The authors have found 
in such instances where the equations are not applicable that 
the electrical analyzer provides very satisfactory answers 
concerning the build-up characteristics and this method should 
be employed in such instances. 


RESERVOIR PRESSURE FROM 
THE BUILD-UP CURVE 


As pointed out before, many authors haye examined the 
- build-up characteristics to obtain methods for reservoir pres- 
sure estimation. However, the methods developed require that 
-a considerable portion of the build-up curve be known before 
they are applicable. Also, flow into the well after shut-in 
and/or an increase or decrease in the permeability around 
the well cause erratic build-up curves and resulting erroneous 
estimation of reservoir pressure by the semilog plot of Muskat 
or the Cartesian rate plot of Arps and Smith. 

The straight line section of the build-up curve correspond- 
ing to the straight line of the calculated curve in Fig. 1 
may be used for reservoir pressure estimation in conjunction 
_ with the build-up equations. A measure of the reservoir or 
_ final build-up pressure around the well may be found in 
terms of the dimensionless Ap calculated for t increasing 
without limit. The final build-up, ADs for a reservoir with 
constant pressure maintained at the radius of drainage is 
given by the equation 


gee Suh esi Spin aks Sl ae ae ee (B 
For the reservoir with no influx across the external boundary 
the equation for Ap, is 


a Sane: 
Ap: = In f.-— Fat ener tae Aree ira pace net) 


Considering the method of derivation of these equations, in 
effect this is a method of material balance for the determina- 
tion of reservoir pressure. The resolution of these two equa- 
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FIG. 5 — THE EFFECT OF FLOW INTO THE WELL BORE AFTER SHUT-IN 
AND A DECREASED OR INCREASED PERMEABILITY AROUND THE WELL 


ON THE BUILD-UP CURVE. r, = 4,000. k, EXTENDS TO r= 92. OIL 
AND GAS FILLED BORE, 10,000-FT. 


tions for the determination of reservoir pressure requires that 
the flowing pressure prior to shut-in be known. However, 
that flowing pressure measured by the pressure bomb is not 
in direct correspondence with the flowing pressure as required 
by the equations. This condition exists because of the possible 
difference in permeability in the immediate vicinity of the 
well and the permeability in the rest of the drainage area. 
Let us consider that it is therefore necessary to determine 
a hypothetical flowing pressure for use in the determination 
of the reservoir pressure. This flowing pressure is the pres- 
sure that would exist at the bottom of the well for the produc- 
tion rate at the time of shut-in if the permeability around the 
well were the same as that determined from the build-up 
curve. The determination of the hypothetical flowing pressure 
that is to be used may be accomplished in the following man- 
ner: An r, corresponding to the well spacing is assumed. 
Employing this r, the straight line section of the field build-up 
curve may be matched with the straight line section of the 
calculated curve, from which may be determined the hypo- 
thetical flowing pressure according to the equation 


Ap FQu 
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where the pressure p is taken from the field plot and Ap is 
the dimensionless pressure variable taken from the calculated 
curve at a t corresponding to the time that the pressure p 
was observed. Having determined the hypothetical flowing 


pressure the reservoir pressure may then be calculated by 
means of the equation 
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where ADs is calculated. by equation (8) or (9), whichever 
is considered applicable. For wells with the drainage radius 
of approximately 250 ft to 1000 ft there is approximately a 


10 per cent difference in the value of Ap, as calculated 
from equations (8) and (9). It is necessary, therefore, to 
make an opportune choice of the equation to be employed 
for the determination of the reservoir pressure, and in such 
instances where neither is applicable 
value may be chosen. 


some intermediate 


The chief point for error in this calculation is the assump- 
tion of the value of r. which is usually done from well spacing. 
A 5 per cent error in the estimation of r, leads to approxi- 
mately a 1 per cent error in the theoretical drawdown, which 
in a high permeability formation means an error in the order 
of a few pounds. In a high pressure formation producing 
under open flow conditions where the drawndown is large 
this error may be in the order of 20 pounds. 


BUILD-UP CURVES — TWO-PHASE FLOW 


The relationships that have been presented to this point 
have considered the flow of a homogeneous compressible fluid 
through a porous medium. It would be of course advantageous 
to extend this method to include drainage areas in which both 
oil and gas were flowing. Considering that in the reservoir 
away from the well the pressure is fairly constant, the pres- 
sure functions “,, “,, F, p, and S may be assumed constant. 
Likewise, the saturation is fairly constant and the dependent 


-yariables k,, and k,; may also be assumed constant. These 


assumptions of essentially constant conditions have been re- 
ported to hold except for a very short transition period as 


- the reservoir pressure falls below the saturation pressure of 


the oriignal reservoir fluid.” Applying these assumptions, 


- Darcy’s Law, and material balance considerations the build- 


a 


up equations are shown to take the same form as for the 
single-phase flow case with a change in form of the dimen- 
sionless variables.* The resulting equation for effective oil 
permeability is the same as equation (6) where oil production 
rate and oil viscosity at approximately reservoir pressure are 


_ employed. The dimensionless variables Ap and t are defined 


by the equations 
— _ 0.001127 2rkh 


Ap = Ap (12) 
2 : OrenF;, 
and 
Zz Et 5 
Z eae 0.0002637 k / 5, +8,R i (13) 
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_ Equation (13) is used as equation (4) for checking the 


Gail : Table III 
: t, (days) 
k/u 20 Acre 40 Acre 80 Acre 160 Acre 
Spacing Spacing Spacing Spacing 
1 42 82 166 333 
10 4.2 8.2 16.6 33.3 
100 0.4 0.8 Tad 3.3 


: Time Required to Attain Steady State by Constant Production 
Rate (From equation (14). C, = 100%, F = 0.2, and c= 
a Rest ve at 

1.5 x 10 psi). : 
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upper limit of the straight line section of the field build-up 
curve for conformity with a calculated curve. The same range 


of t applies. The total compressibility, Cy, is established at 
an estimated reservoir pressure as is the total density, 5,. 
If the calculated pressure differs significantly from that esti- 
mated an adjustment may be necessary in these factors. In 
the authors’ experience the quantity in parentheses has always 
been very nearly unity. 


TIME TO APPROACH STEADY STATE 


The preceding equations have all been derived for a system 
with a steady state density or presure distribution prior to 
shut-in of the well. This distribution is obtained by flowing 
the well at a constant production rate for a sufficient period 
of time prior to shut-in. A graphical method’ for the tran- 
sient solution of the diffusivity equation provides a means for 
the determination of this time. In a finite time of course 
steady state will not actually be attained, but it will be 
approximated sufficiently for all practical purposes. Employ- 
ing this method, the time required to approach steady state 
conditions for either assumed boundary condition is a func- 
tion of the radius of drainage, permeability, and porosity of 
the formation, and compressibility and viscosity of the fluid. 
It is independent of the rate of production and the net thick- 
ness of the pay. For one-phase flow this relationship is’ 

four,” 
eRe 
where t, is the time in days required to approximate a steady 
state. A similar equation for two-phase flow may be obtained 
by replacing fcu/k by the factors of K’, the modified diffusiv- 
8, + 3,R 


it Vip, obtaining 


where the values are obtained in the same manner as for 
equation (13). It will be noted that it is necessary to know 
the permeability in employing these equations. However, it 
is necessary to stabilize a well prior to a test before the per- 
meability is known. In such instances the approximate time 
required to obtain a steady state distribution will be indicated 
by this equation if the range of permeability values that are 
expected is used in the equation. The initial pressure was 
assumed to be constant throughout the area for this deriva- 
tion, and thus the time required for the steady state approxi- 
mation represents the maximum period to be expected. Table 
III shows the range of time values that might be expected in 
single-phase flow. In such instances where the well has been 
produced for some time and it is desired to stabilize at a 
new production rate this time for the attainment of steady 
state at the new production rate will be less. 


(14) 


fermrre” 


t, = 50 (15) 


SHUT-IN TIME REQUIRED FOR 
PERMEABILITY DETERMINATION 


Because it is undesirable to shut in a well over a long 
period of time, it is necessary in planning a pressure survey 
to estimate in advance the length of shut-in time required to 
obtain a sufficient section of the build-up curve for the deter- 
mination of permeability. An expression for this time required 
may be derived directly from an examination of the calcu- 
lated build-up relations as plotted in Fig. 2. This will give 


97 


T.P. 2849 


THE ESTIMATION OF PERMEABILITY AND RESERVOIR PRESSURE FROM BOTTOM HOLE 


PRESSURE BUILD-UP CHARACTERISTICS 


a relationship for the time required to obtain a sufkcient 
section of the build-up curve for permeability determination 
as a function of the porosity, compressibility, viscosity, radius 
of drainage and permeability that are being considered. 
Approximate knowledge of these factors will enable the engi- 
neer to more accurately estimate the length of time that is 
required to shut in the well. The upper limit of the straight 
line section of the build-up curve plotted as pressure versus 


logarithmic time is in the region of t = 5 x 10°. This will 

be true in all cases. Employing this value in equation (4) 

and solving for t we have for one-phase flow 
190 fcur,” 


k 

where t,; is the time required in shut-in hours. This may be 
converted for two-phase flow in the same manner as equation 
(15). Table IV shows the range of time intervals that might 
be expected for single-phase flow. As in the case for the deter- 
mination of the time required to approach steady state, it is 
necessary to know the value of the permeability prior to 
obtaining that value. It is necessary, therefore, to employ 
approximations of this permeability value with the answer 
of course resulting in an approximation of the time required 

to obtain a sufficient portion of the build-up curve for perme- 
ability determination. This equation though eliminates con- 
siderable uncertainty in the mind of the engineer requesting 
shut-in time of the well. 


PERMEABILITY AROUND THE WELL 


The permeability as determined by equation (6) from the 
slope of the build-up curve represents the effective perme- 
ability of the drainage area away from the well, as was indi- 
cated by the tests showing the changed permeability in the 
immediate vicinity of the well. The permeability as esti- 
mated from the productivity index using the steady state 
radial flow equation represents the average effective perme- 
ability of the entire drainage area. If these two permeabilities 
are different, there may exist a section in the immediate vicin- 
ity of the well with a permeability different from that of the 
majority of the area drained and their ratio is a measure of 
the degree of difference. This may be visualized more readily 
if an arbitrary radius of extent of the low or high permeability 
area around the well is taken. An equation relating these 
values is 


(16) 


si 


e = log 1 log = 
== es re eee LL) 


k, = 
log r, 


where r is the radial extent of the permeability in the immedi- 
ate vicinity of the well, k, the permeability in the immediate 
vicinity of the well, k, the permeability way from the well 
estimated from the build-up curve, and k the average perme- 


ability estimated from productivity index. In shot wells ba 
k 


may appear to be small enough to give a negative k,. This, 
of course, can not exist and has been caused by arbitrarily 
assigning too small a value to r,. 


If the permeability determined from the slope of the build- 


up curve is greater than the permeability that would be 
determined from the productivity index, there is an indica- 
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Table IV 
ts: hours 
k/u 20 Acre 40 Acre 80 Acre 160 Acre 
Spacing Spacing Spacing Spacing 
1 167 o15 
10 16.7 32 63 126 
100 2 Dee 6.3 12.6 


Shut-In Time Required to Obtain Sufficient Data for Perme- 
ability Determination From (16). C, = 100%, F = 0.2, and 
C= 15 x LOaipsise 


tion of a damaged or low permeability area in the immediate 
vicinity of the well. Likewise, if the productivity index perme- 
ability is greater than that permeability as determined from 
the slope of the build-up curve, there will be an area of higher 
permeability around the well. This will enable the reservoir 
engineer to determine the presence of a damaged or improved 
permeability region at the sand face. The obvious place for 
application of this analysis is in the determination of the 
effects of drilling fluid on the permeability near the sand 
face. This indicates whether treatment should be recom- 
mended to improve the productivity of the well. The method 
may also be used for quantitative evaluation of treatment 
designed to improve the permeability in the immediate vicinity 
of the well. 


EXAMPLE ILLUSTRATING 
OF CALCULATION 


In order to illustrate the method of procedure the following 
calculation is made for a typical well producing a tight for- 
mation. The build-up curve on this well, Well A, is shown 
plotted in Fig. 6. The following is a tabulation of the fluid 
and formation properties and flow information: 


METHOD 


3800, 


I 10 


t (hours) 
FIG. 6—TYPICAL FIELD BUILD-UP CURVE, WELL A. 
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0.183 BOPD/psi 
115 BOPD 
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1300 ft 

0.15 
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There were wells producing from the same formation in 
the immediate vicinity of Well A, and thus this case ap- 
proaches a closed drainage area with zero influx over the 
external boundary. An unsaturated oil is flowing in the 
formation. 


The slope of the straight line section of the build-up curve, 
Fig. 6, is determined as 


P2- Pi 3705 — 3495 
m= = 


162 


where p, and t, are the upper end of ithe straight line section 
and p, and t, the lower end. 


To estimate the effective permeability this slope value is 
used in equation (6) and the permeability calculated as 


162.5 QuF (162.5) (115) (0.33) (1.69) 
oe i = (120) (162) 


At this point it is necessary to check that the slope of the 


k, 


= Or0o0, 


proper section is used. This is done by calculation of the t 
- for the upper end of the straight line section from equa- 
tion (4)* 


oe 0.0002637 kt _ (0.0002637) (0.537) (335) 


= (0.15) (1.52x10~) (033) (1300)? 


fepr.” 


Since this value falls in the range of t= 10~ to t= 107 
the proper straight line section was used and the permeability 
estimation is valid. 


For the estimation of reservoir pressure the value of Ap 


corresponding to the t just calculated and te = a = 5200 
is obtained from Fig. 1 or Fig. 2. 

_t = 0.0374 t 339 

Ap = 7.30 p = 3705 


. _ The hypothetical flowing pressure is calculated from equation 
(10)* and Ap = 7.30 as 


 - Ap QF (7.30) (115) (0.33) (1.69) 

Sp. =p —-——__—__- = 3705 - —_____________.. 

pe 0.001127 2rkh (0.001127) (2) (0.537) (120) 
=2678 psig. 


The theoretical drawdown in terms of the dimensionless Ap 
is calculated from equation (9) since this case approaches 
a closed drainage area. Equation (8) would be used for con- 
- stant pressure maintained at the radius of drainage. This AP. 
is calculated as 


3 3 
Ap=I1n 1 crear = 1n(5200) are 7.80 
s * For the two-phase flow of oil and gas in the drainage area equation 


(18) would be used in place of equation (4) and equations (10) and (11) 
altered for two-phase flow. E 
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This dimensionless variable proportional to pressure may be 
converted to pressure, psi, and added to the flowing pressure 
to obtain reservoir pressure, or the reservoir pressure may be 
calculated directly from equation (11) as 


QuF 
0.001127 2rkh 
(115) (0.33) (1.69) 


(0.001127) (27) (0.537) (120) 


Pe = pt (Aps— Ap) 


= 3705 + (7.80 - 7.30) 


= 3775 psig. 
The over-all mean effective permeability of the drainage area 
may be calculated from the well-known radial flow equation as 


PI wF log r. (0.183) (0.33) (1.69) (3.716) _ 
0.00307 h (0.00307) (120) a 


Since this is a higher permeability than that estimated from 
the build-up curve, it indicates that a high permeability 
exists in the immediate vicinity of the well. By use of equation 
(17). it may be estimated that to an arbitrary radius of 25 ft 
that k, & 9k.. 


1.03 md. 


FIELD BUILD-UP ANALYSES 


The authors have subjected approximately 80 build-up 
curves to the analysis described in this paper. From these 80 
curves, seven sets of data have been chosen to illustrate a 
number of possible conditions existing in build-up testing. 
These curves are shown plotted with the dimensionless vari- 
ables in Figs. 7, 8, and 9. The curves plotted in Fig. 7 are 
from wells which are producing a highly unsaturated forma- 
tion and in which the well bore was mostly filled with oil 
prior to shut-in, and thus there was very little flow into the 
well bore after shut-in since the average compressibility of the 
well bore fluid was low. The curves shown in Fig. 8 are for 
wells also producing an unsaturated formation but with a 
drawdown to approximately saturation pressure such that 


considerable gas was in the well bore prior to shut-in, allow- — 


ing an appreciable flow into the well bore after shut-in. The 
curve plotted in Fig. 9 is for a well producing a two-phase 
formation, and thus the average compressibility of the well 
bore fluid was high permitting appreciable flow after shut-in. 

Considering first the build-up curves that are shown plotted 
in Fig. 7, it may be seen that these curves generally follow 
the type shown in Fig. 4 from the analyzer build-up studies 
which might be expected since there was little or no flow 
into the well bore after shut-in. Well A indicates a high 
permeability region in the immediate vicinity of the well, 
and thus the early section of the curve falls above the calcu- 
lated values (not shown but essentially coincident with curve 
C). The value of k, = 5k, has been estimated for a radius 
of extent of k, to 25 ft. Well B indicates an extremely high 
permeability in the immediate vicinity of the well, and the 
calculations estimate an approach to infinite permeability 
around the well to a radius of 25 ft. Unlike Well A, Well B 
had been acidized in an attempt to improve the permeability 
in the immediate vicinity of the well. However, this should not 
be construed to constitute a value of acidization correlation 
since it is entirely possible that Well B was drilled into a 
very high permeability lens. To attempt to evaluate the im- 
provement obtained from acidization it is necessary to have 
tests before and after treatment. The build-up test of Well C 
indicates a well with very little difference in the permeability 
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around the well and that away from the well, and thus the 
build-up curve is practically coincident with the calculated 
curve for a well producing a uniform formation. The build-up 
curve for a damaged well is shown by the build-up of Well D. 
It is known in this formation that most wells show a dam- 
aged condition. This may explain the finding that the perme- 
ability in the immediate vicinity of the well to a radius of 
25 ft is one-fourth of the permeability in the majority of the 
drainage area away from the well. The point X marked on 
these curves corresponds to the point in Fig. 4 where the 
curves coincide with the calculated curve for the build-up 
of a well producing a uniform permeability zone. It will be 
noted that this is approximately the point of convergance of 
the curves shown in Fig. 7. However, it should not be expected 
that the curves of Fig. 7 correspond exactly to the curves 
shown in Fig. 4 in that there is some flow into the well after 
shut-in, which tends to result in lower values on the curves. as 
may be seen by comparison of Fig. 4 and Fig. 5. 


The curves shown in Fig. 8 are for build-up curves of a 
formation producing near the bubble point, and there is thus 
more flow into the well bore after shut-in than those curves 
just discussed. Well E represents a well producing from a 
relatively uniform permeability zone, while Well F repre- 
sents a well producing a zone in which there is a low perme- 
ability region in the immediate vicinity of the well. Neither of 
these wells has been acidized. For the case of no flow into 
the well bore the point X again shows the point at which 
the effects of variation in permeability near the. well are 
negligible. The point Y indicates the upper limit for the con- 
vergence of the analyzer curves where there is flow into the 
well bore after shut-in and increased or decreased perme- 
ability zones in the immediate vicinity of the well. It will 
be noted that in Fig. 8 the convergence of these curves with 


0.001127 27 kh 
QpF 


Ap = 


10-4 1073 1072 10 


} = 9:0002637 kt 
fc pte 


the theoretical curve occurs between the points X and Y as 
might be expected. The trends indicated in Fig. 8 are the 
same as those shown in Fig. 5. However, exact correlation 
should not be expected since the amount of flow after shut- 
in was different. The point Y does not indicate the maximum 
possible limit for convergence of the curves since a greater 
decreased in permeability around the well could exist and 
since gas accumulated in the immediate vicinity of the well 
would result in a material in that region with a compressi- 
bility higher than has been assumed. This additional com- 
pressibility may have an effect similar to flow into the well 
bore resulting in an even greater deviation from the calcu- 
lated curve. However, for the 80 wells studied this value was 
not exceeded. 


Fig. 9 shows the build-up curve of Well C producing an 
area containing both oil and gas. It will be noted in this 
curve that convergence with the calculated curve occurs near 
the point Y indicating appreciable flow after shut-in as would 
be expected for this type well. The points X and Y have 
the same significance as in the preceding figures. Comparison 
of the permeability from the build-up curve and the perme- 
ability from the productivity index tests in which the reduction 
to effective permeability near the well due to gas accumula- 
tion has been included indicates that production is from a 
practically uniform permeability area. 


In Figs. 7, 8, and 9 the build-up data had been chosen 
to represent a number of various cases similar to those 
studied by means of the electrical analyzer, the results of 
which are plotted in Figs. 3, 4, and 5. It will be noted that 
an earlier straight line section than the one to be used for 
permeability determination is frequently present in these 
field build-up curves and that these sections correspond to 
those indicated from the analyzer work. 
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SUMMARY 


The relationships developed in this paper enable the reser- 
voir engineer to estimate the effective permeability and res- 
ervoir pressure from the early portion of the build-up curve 
provided the well is stabilized prior to shut-in. Relations are 
also presented to assist planning the pressure survey for esti- 
mating the length of time of constant production to stabilize 
the well and the shut-in time required to obtain sufficient 
data for analysis. 


The method for analysis of build-up curves was derived for 
the flow of a homogeneous compressible liquid. However, the 
method may be extended to include an approximation for the 
condition of oil and gas flow in the reservoir where the gas is 
distributed throughout the reservoir rather than contained in 
a cap. 


The early part of the build-up curve is independent of the 


“amount of migration over the external boundary, and this 


portion of the curve is used for permeability estimation. It 
is not necessary therefore to know the magnitude of this 
migration for permeability estimation. 


The build-up characteristics for the two cases of maximum 


_and zero migration over the external boundary were con- 


sidered. The difference in final build-up pressure for the two 
cases may be significant. It is therefore necessary to assume a 
value for the magnitude of migration in the estimation of 
reservoir pressure by this method. From the 80 wells studied, 
some of which were produced at relatively high allowables 
from zones of permeability in the order of one millidarcy, 
the error possible from the mid-value was found to be as 
large as 50 psi. High production rates and low permeabilities 
both lead to increases in the uncertainty arising from esti- 
mation of the degree of migration. This error would be prac- 
tically constant in succeeding determinations, and the reser- 
voir pressure decline would be considerably more accurate. 
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The equations developed for build-up characteristics con- 
sider a well producing from a uniform formation and shut in 
at the sand face. The existence of a high or low permeability 
zone in the immediate vicinity of the well and the flow into 
the well bore after shut-in to compress the fluids contained 
therein cause a deviation from the equations. Studies with 
the electrical analyzer show that such deviation is appreciable 
only in the very early portion of the build-up curve, becoming 
negligible after a short period of time, and these very early 
data should not be considered in interpreting build-up curves 
by this method. 


The methods developed here are for a well stabilized prior 
to shut-in. The electrical analyzer may be used to extend this 
approach to instances in which the well is not stabilized prior 
to shut-in. However, analyzer runs take considerably longer 
to make than the method described here. 


The permeability estimated from the build-up curve repre- 
sents the permeability in the majority of the drainage area 
away from the well. The permeability estimated from the 
productivity index using Darcy’s Law represents the perme- 
ability throughout the drainage area. Thus, the existence 
of a high or low permeability zone in the immediate vicinity 
of the well may be estimated by comparison of the perme- 
abilities determined in these two ways. This offers a method 
to evaluate the possibility of having damaged the well in 
drilling or benefits occurring from treatment. 
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NOMENCLATURE 


c = mean liquid compressibility, psi- 
C = saturation, fraction 
f = reservoir porosity, fraction 


Res bbl 
STB 


1 


= formation volume factor, 


F 

h = reservoir thickness, ft 

k = effective permeability, millidarcys 
K 


= diffusivity, 


cu 

m = slope of build-up curve = Ap/log t./t, 
p = pressure, psia 

Q = volume rate of flow, STB/Day 

r 


= yadial distance measured from center of well, ft 


= r/Tw 
d (oe 
R = gas-oil ratio, Bbl 
ne SCF 
S = solubility, Res BEI 


t = time, hours 
vy = velocity 
= viscosity, centipoise 
6 = density, lb/ft’ 

eke SCF 
p = gas conversion factor, bbl 
y = mass rate of flow 
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Functions 
ln = logarithm to the base e 
log = logarithm to the base 10 
U(aar) = Yi(aore) Jo (ar) — Ji (aare) Y. (asr) 7 
U"(a,r) == an): (sre) Ji(ant) se axds(@nr.) Ya(acr) 
WE(ant=) = 0 
f(\) = time function of flux 
g(r) = initial density distribution function 
J = Bessel function of first kind 
Y = Bessel function of second kind 
Xx, = aly 
= 0.001127 2rkh a 
Ap = QuF Pr 
- 0.0002637 kt 
t= Say ae 
fcur, 
= 0.001127 27kh A 
ApS = AD 
p OuF 
APe = P-Pre 
Ape = Pe-Pp 
eae) k (6, + 6,R) 
= fort, (F Sp) 
Subscripts 


conditions at radius of drainage 
conditions at well 

conditions with well flowing 
gas phase 

oil phase 

initial conditions 

relative 

condition of the total system 
static conditions 

in area near well 

in area away from well 


WH on SoHo Mm ws oo 
Heetteet ates ath et 
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APPENDIX 


Theoretical Build-up Relations 


The fundamental differential equation defining the flow of 
a compressible homogeneous fluid through a porous medium 
in a radial flow system with no vertical flow is the familiar 
diffusivity equation 

Gin) L601 08 
= = 


— Samtce aoe See 
or’ r or K ot (1) 


Before the integration of this equation for application to the 
problem at hand certain stipulations concerning the condi- 
tions of the reservoir and its fluid must be specified as 
boundary conditions. Muskat® has applied the equation to 
obtain the build-up relations for the following conditions: 


1. An undersaturated fluid is flowing in the reservoir. 


2. There is a steady state distribution in the reservoir prior 
to shut-in. 


3. The well is shut in at the bottom. This excludes the 
possibility of flow into the well bore after shut-in due to 
the compressibility of the fluids. 


4. A constant density and thus pressure is maintained at 
the external boundary, radius of drainage, during the 
build-up period. 


This final specification of constant pressure at the external 
boundary at steady state indicates a reservoir under the condi- 
tion of maximum migration of fluid across the external boun- 
dary for the given pressure difference between the external 
boundary and the well. This migration of course will be 
equal to the production rate at the time of shut-in and will 
drop to zero as the pressure is built up. By a direct integra- 
tion of Darcy’s Law the initial steady state density distribu- 
tion for these conditions may be obtained in the form 


Ogi Or 
i= 


log r +a, ee ce eh 


log r. 


Applying these boundary conditions to the diffusivity equation 
an integration results in an equation for the build-up charac- 
teristics which expressed in dimensionless variables takes the 
form as presented by Muskat 


ee) xt 
Pe—p gas, 6.—-0 2 é€ pee 
=pr $2 8e oun F } GG  °. 
Pe Pr e £ Nn YI, (x, ) Ji (x,) 
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where J,(x,) =0. The dimensionless variable t is defined 
by the equation 


0.0002637 kt 


2 SSS Seas Se, Sa A 
four. (4) 


+ | 


where time is in hours, permeability in millidarcys, porosity 
as a fraction, compressibility in psi, viscosity in centipoises, 
and radius in ft. Pressures may be substituted for density as 
was done in equation (3) because of the relation evolved 
from the equation of state where 


Be POP) 1 Hol, p] Bo) 


The conditions that exist at the radius of drainage may 
vary from a case of constant pressure at the external boundary 
to a condition of no influx as in a closed drainage area. It 
was therefore desirable to obtain equations defining the 
build-up characteristics for both cases as conditions of 
extremes at the external boundary or radius of drainage of 
the well. 


The stipulations concerning the reservoir and its fluid that 
are specified in connection with obtaining the build-up char- 
“acteristics for a well in a closed drainage area with no influx 
over the external boundary are the same as those just pre- 
sented, with the exception of condition (4), which must be 
changed to consider the influx at the external boundary to 
be zero. This then represents a radial system in which the 
flux is specified over both boundaries, A system of this nature 
is governed by the equations’ as derived from the diffusivity 
equation 


t 
- 2 [ [£.(\) Fa fy (A) ] d\ + 


t= 


(a 


2 Lipa 
3 i rg(r) dr 


2 
ters 


— an Ji (ast) U(aar) Sk 


Jae (arty) — Ihe (ante) 


ee | ~ Ja (ate) 


pot hi 
Te 
} rg(r) U(a,r) dr 
Ty 


t 
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4 x Flare) f hic a DK (acts) 
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where a, is determined by the equation 


t 2 
Ea ee a (6) 
oO 


PU Meee Osean hereon ete on (7) 

For the special case of a shut-in well in a closed reservoir 

that is considered here the flow function is zero at both 
boundaries. 

Pt 0S ee (8) 


The initial density distribution for this case is obtained in 
the same manner as before. This distribution, however, repre- 
sents an equilibrium condition which is reached in the drain- 
age area when the gradient is constant with time at all points.’ 
Applying Darcy’s Law as before the initial density distribu- 
tion may be expressed in the form 


oe 2) fot. -in r+ 1, =r | a9) 


Bees beep fe oe 
ee) : a Ankh (r.’ — Tw 


‘external boundary. For 
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Making use of this expression in equation (6) the general 
expression for density as a function of position and time is 
von Po. (ro Inr.—r,, Inr,) 1 Sip eee 

Te 2 9 i, ES, D. 
2rkh (te =T.)? 2 A(r?-ry’) 


ee @ 
Deen x 

AOL 5 pages 2 > 
Te —-Ty 2 


n=] 


On 0 = 


Ji (antw) U(anry) U(aar) —Kax’t 
€ 
Ji (aate) =Ir @atw) 
(10) 


In this particular application of this equation the interest is 
in the pressure, and thus the density, at the bottom of the 
well, requiring that r =r, be substituted in the Bessel func- 
tion U(a,r). 

The resulting density equation can then be converted to an 
equation for the bottom hole pressure using equation (Ss 
Furthermore, the volume rate of flow is expressed by 
FQ = ¥/6 and in the terms involving r, and r, the r, terms 
may be neglected without error since re>>>ry. The pres- 
sure build-up expressed in dimensionless variables is 


wm = = 
Se a 3 ; Ab n U n = ee eel 
Mie lat, = > Ss ee (11) 
4, 2 al; (Ex) a (Xa) 
n=] 
The equation determining x, is 
Ji (Fexn) Y; (x) —Ji(x,) Y, (7x2) = 0 (12) 


The dimensionless variable proportional to pressure, Ap, 
is defined by the equation 

— 0.001127 2rkh 

ee 


QuF 
where permeability is in millidarcys, height in ft, production 
in stock tank barrels per day, viscosity in centipoises, and 
pressure in psi. From equations (11) and (12) the pressure 
at the bottom of a shut-in well in a closed reservoir may be 
calculated as a function of time. 


Ap (fo oe ee 


Equations (3) and (11) define the build-up characteristics 
for the two extremes in the magnitude of influx over the 
purposes of comparison of the 
numerical «solutions of these equations it is necessary to 


to Ap or vice versa. Conversion of the former 


convert 
= Pe Pr 
to Ap is accomplished by means of the well-known radial © 


flow equation 
_ 0.001127 27khAp; 
a Fu in fF, : 
Using this relation the conversion equation takes the form 


(14) 


Pe-P 
Pe — Pe 


[ye | 1- Jas re (15) 


and equation (3) may be expressed as 


eont 
p— In r.—2 Gaerieah eas aE 
oe. Sere 
n= 


A plot of Ap vs log t for equations (11) and (16) shows 
an apparent straight line section in the t range of 10° to 
5 x 10. This section, however, is not actually a straight 
line as might be determined by proper differentiation of 


(16) 
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equation (11) or (16). For practical purposes, though, this 
is a straight line and will be used as such. The straight line 
sections calculated from equation (16) are parallel since 
translation by the quantity 1n fT, results in coincident curves. 
Only one numerical evaluation of equation (11) was made, 
and this curve when translated by 1n ¥, will coincide with 
ihose from equation (16). Electrical analyzer curves of equa- 
tion (11) for various values of TF, show this same property of 
coincidence when translated by 1n f.. The slope of the build- 
up curve in the straight line section is important in that it 
is proportional to the permeability according to the relation 


A(Ab) _ 14h2 Qur OOP a 
A (log t) Ps A (log t) 


Substituting the slope of the calculated curve (1.147) for 
A (Ap) 
A (log t) 
tive permeability as a function of the slope, m, of the straight 
line section of the build-up curve. This equation is 
_ 162.5 QuF 
et hm 


in this equation results in an equation for the effec- 


(18) 


Build-up Curves — Two-Phase Flow 


The relationships that have been developed to this point 
have considered the flow of a homogeneous compressible 
liquid through a porous medium. It would be, of course, ad- 
yantageous to extend this method to include drainage areas 
in which both oil and gas were flowing. By making the 
approximations that are noted, this was done in the following 
manner. 


By a material balance of the residual oil the mass transfer 


is expressed by the equation as modified from the approach of 
Muskat and Meres” 


o,kk, 0 f XC 
Vt pat ( (19) 
bE 
The general equation for gas flow is 
: 6 kk. 5,kk,. 
Vv. —— SVp +V ‘pat Cae 
uk 
(20) 


In the reservoir away from the San the pressure is fairly 
constant, and the pressure functions, mx, u,, F, p, and S are 
assumed to be considered constant. Likewise, the saturation is 
fairly constant and the dependent variables k,, and ky, will 
be assumed constant also. Applying these assumptions to the 
above equations the expression for gas flow becomes 


“0 Sede k, 5,0 ae 6,C, 
ey (ee 8) 
p at gP F 
(21) 
Applying the same to liquid flow 
dL s, 02/556 
k ( ae i= ( Cr 


Adding these last two equations a general equation for the 
simultaneous flow of oil and gas through a porous medium is 
obtained. This is 


k, f) 
24 pancreas ) Vp 
a ruby 
tir §,C;, 6,Ci 
canny = F + 6.Cyp + s ) (23) 
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The right side of this equation is a function of the total den- 
sity, 5, of the system and may be converted to pressure by . 
the introduction of a total compressibility term, cy (see equa- 
tion 5). Upon collection of constants the equation takes the 
form 


1 op 
Wh rep 24) 
ee K’ ot ( 
where 
ky 
k [ 6, + 6,R ] 
Ree RN Reon Os. 
ferdp 
k, “iF 
since a Lae a> 'S: (26) 
kag 


Equation (24) is of the same form as the diffusivity equa- 
tion for single-phase flow, and its solutions for the rise in 
bottom hole pressure when the well is shut in may be obtained 
by analogy. 


The initial steady state presure distributions to be consid- 
ered may be derived with the same conditions applying as 
were considered for single-phase flow with slight modifications 


p 
if = = ce Ramee eer) 
Pw 
for constant pressure maintained at the external boundary 
and 
P kh 893 Q. aF 
{ ap = In =-<~) (28) 
ie Qa ee VAS 
Pw 


for a closed drainage area. Since it appears that during much 
of the history of the field when two phases are flowing, the 
saturation throughout the entire reservoir is relatively con- 
stant at any time the permeability may be considered con- 
stant. Although the pressure varies considerably, particularly 
near the well, the uF product will nevertheless remain fairly 
constant since « increases and F decreases with pressure 
decline. With- these assumptions the initial density distribu- 
tions may be shown to take the same form as before, equa- 
tions (11) and (16). 


From these considerations the dimensionless variable pro- 
portional to pressure, Ap, is defined as before, 
0.001127 27kh 
QreF 1 


The dimensionless variable proportional to time, t, now re- 
quires a substitution of K’ for the diffusivity, K, in equation 
(4) giving 
es 0.0002637 k ( 3, + 6,R ) 
FS, 


This change, however, does not require any changes in the 
equation for effective oil permeability which is 


162.5 Qu, 
hm 

The pressure variables in these equations should be evaluated 

at or near the average reservoir presure, and with these modi- 


fications a well producing two phases may be handled in the 
same manner as a well producing only oil. xk wk 


Ap eae eS) 
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INTRODUCTION 


The use of electrical well logs for 
the quantitative determination of such 
reservoir parameters as connate water 
saturation, formation permeability and 
connate water salinity has recently been 
attracting the attention of a number 
of workers’”**°. 


While the theory of the determina- 
tion of connate water salinity from the 
self potential S.P. log has received 
rather detailed treatment, relatively 
little attention has been paid to the 
theoretical aspects involved in the 
quantitative interpretation of resistivity 
data. It is clear that if electrical well 
logs can be used for the quantitative 
evaluation of physical characteristics 
of reservoir rock, they will provide a 
valuable tool to supplement cheaply in- 
formation obtained by more laborious 
core analysis. In certain cases it is 
conceivable that the coring program 
could be considerably curtailed if the 
electric log could be relied upon to 
give reasonably accurate quantitative 
information. 


It is our object in this paper to ex- 
- amine the theoretical basis of quantita- 
tive log interpretation as expressed in 
such well-established logging concepts 
as formation factor and cementation 
factor. It is also our object to investi- 
gate the physical aspects of the rela- 
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tionship which is presumed to exist be- 
tween resistivity index and brine satu- 
ration in reservoir rock. In particular, 
we will endeavor to draw attention to 
the fact that it is possible to express 
these logging concepts in terms of cap- 
illary pressure-saturation relationships, 
permeability and tortuosity, parame- 
ters which we will consider in this 
paper to be fundamentally indicative 
of rock texture. The probability of 
being able to obtain from log record- 
ings alone the data theoretically essen- 
tial to permit quantitative log inter- 
pretation will be examined, and con- 
sideration will also be given to the 
problem of formulating simple semi- 
empirical relationships for use in the 


field. 


THEORETICAL 
CONSIDERATIONS 


The concept of formation resistivity 
factor, or as it is now commonly called, 
formation factor, appears to have been 
introduced by G. E. Archie®*. Forma- 
tion resistivity factor as defined by 
Archie is the resistivity of a rock 100 
per cent brine-saturated divided by the 
resistivity of the brine. This relation- 
ship had previously been used by physi- 
cal chemists and the concept is, for ex- 
ample, implicit in an early treatment 
by Fricke’ of the conductivity of aque- 
ous slurries. Archie was able to estab- 
lish the fact that although the rela- 
tionship between formation factor and 
porosity did not change too greatly for 
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different rock textures, the relationship 
between formation factor and perme- 
ability was markedly dependent on 
rock texture. The relationship found 
by Archie between formation factor 
and porosity was expanded by H. 
Guyod*. Archie had suggested that the 
formation factor, F, could be expressed 
in terms of the porosity, ¢, as follows: 


Leven (hah Reprint), 
where, ¢ = effective porosity fraction 
of the sand, 
and, m = an exponent greater than 
about 1.3. 


Guyod introduced the term cementa- 
tion factor for the exponent, m, since 
it may be qualitatively shown that for- 
mation factor for any given porosity 
tends to increase as the sand becomes 
more cemented. It would appear that 
the concept of m as an exponent rep- 
resenting the cementation in a sand is 
strictly only of qualitative value, since 
the quantitative estimation of m by 
means other than the determination of 
F and ¢ has not been possible. Guyod 
suggests that m can be estimated from 
a visual examination of a sample of 
rock, but this method appears to be 
both arbitrary and unreliable. It can 
be said, however, that in intergranular 
reservoirs of practical interest, the 
range of m is from about 1.4 to 3.0. A 
possible explanation for the fact that 
m is found to lie between these limits 
will be offered below. 


The determination of formation fac- 
tor is an essential preliminary to the 


o 
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employment of the electric log for 
either the qualitative or quantitative 
interpretation of reservoir rocks for 
oil saturation. By Archie’s original def- 
inition, F is a ratio and is independent 
of the resistivity of the brine used to 
saturate the formation. As shown else- 
where’ this definition of F has implicit 
in it the assumption that the solid 
matrix of the formation is an insulator. 
If the solid matrix is a conductor, F 
will not be independent of the resis- 
tivity of the saturating fluid. However, 
in ideal cases a correction may be 
made for the presence of conductive 
solids in the rock matrix and if. this 
correction is made, it is theoretically 
possible to determine F from log data.’ 

The calculation of the resistivity of 
the connate water in the formation may 
be made if the electrochemical S.P. 
applicable to the formation and the 
mud activity are both known.’ The 
resistivity that the formation would 
have, if it were 100 per cent saturated 
with connate water, is then the prod- 
uct of the formation factor and con- 
nate water resistivity. A qualitative in- 
dication of the presence of oil or gas 
in the formation may be obtained by 
comparing this resistivity with the true 
resistivity of the formation obtained 
from resistivity departure curves.” 

It may be said that, qualitatively, the 
effect of oil or gas in the formation 
will be to increase the resistivity of 
the formation. It has been widely as- 
sumed that the amount of oil or gas 
in the formation (if the formation has 
integranular porosity) may be calcu- 
lated quantitatively from the relation- 
ship. 

Resistivity Index =S,"°=I . (2) 
where I, the resistivity index, is the 
- ratio of the resistivity of the forma- 
tion in situ to the resistivity which it 
would have at the same temperature if 
100 per cent saturated with connate 
water, and S, is the fraction of the 
pore yolume saturated with connate 
water. The exponent, n, is normally 
given the value of 2. 

This relationship, which is funda- 
mental to the quantitative interpreta- 
tion of electrical well logs, does not 
appear to us to have the requisite the- 
oretical and experimental justification 


6 


to warrant the universal applicability 
which is generally attributed to it. The 
relationship, in fact, appears to rest on 
the experimental findings of Wyckoff 
and Botset,” as supported by the work 
of Jakosky and Hopper,” Martin, Mur- 
ray and Gillingham,” Leverett™ and 
others. Some confirmation was also 
provided by Morse, Terwilliger and 
Yuster.” The data obtained by all 
these workers apply in most cases to 
unconsolidated sands, although a few 
data are applicable to moderately ce- 
mented sandstones. It is, however, im- 
portant to note that the saturation proc- 
esses used by these workers may not 
have always resulted in the same type 
of fluid distributions as that obtaining 
in reservoir rocks. The exponent found 
by these workers is actually an aver- 
age of 1.96, although 2 is customarily 
assumed for log interpretation. The 
probability of this exponent being a 
universal constant for all reservoir 
rocks, irrespective of their texture, will 
be considered below, together with a 
consideration of the dependency of this 
exponent on fluid saturation distribu- 
tion. 

It will-suffice to say here that avail- 
able experimental evidence is not al- 
ways correlatable to Equation 2, if 
the exponent n is assumed to be con- 
stant. It may be pointed out that the 
data of Morse, Terwilliger and Yuster, 
if substituted in Equation 2, will show 
an exponent which is not constant but 
varies from 8.5 at 90 per cent satura- 
tion to 2.8 at lower saturations. These 
results are for certain Bradford cores 
when using oil displacement of the 
brine and the variable exponents were 
attributed by these workers to the oil 
wettability of the sand. Henderson and 
Yuster” and Henderson and Mendrum”™ 
show a similar variation of the expo- 
nent n in a given sand depending upon 
the kind of non-wetting phase, the ap- 
plied pressure inducing two-phase flow 
and other factors which affect the con- 
figuration of the non-wetting phase. 
Similarly, Guyod* has published a 
number of data showing the relation- 
ship found by Russian workers between 
resistivity index and saturation for 
cores of varying porosity when differ- 
ent types of non-wetting phase were 
employed. These data show that the 
water saturation index exponent is not 
independent of saturation and in addi- 
tion varies from 1.7 to 4.3 at high 
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water saturations, depending upon the 
type of porous medium and the nature 
of the non-wetting phase. The results, 
however, tend in most cases to an ex- 
ponent of about 2.5 at water satura- 
tions less than 20 per cent. No details 
are available regarding the experi- 
mental technique employed by the Rus- 
sian workers. Variable values of the 
exponent apparently less than 2 are 
explicable if formations contain con- 
ducting solids’ but values of the ex- 
ponent as high as 4.3 imply either a 
gross experimental error or a marked 
influence of formation texture or type 
of distribution of the conducting phase 
on the results obtained. 

The effect of the formation texture 
on the validity of the resistivity index- 
saturation relationship does not appear 
to have been considered in detail either 
experimentally or theoretically. How- 
ever, in recent years much information 
concerning methods of describing rock 
texture in terms of such parameters as 
tortuosity and specific internal surface 
area have been formulated by Carman” 
and others. These concepts recently 
have been linked to the study of capil- 
lary pressure phenomena in porous 
media.” It would appear that these 
rock textural relationships may be used 
also to give a more fundamental defini- 
tion to formation factor and from this 
definition a theoretical treatment may 
be given to the concept of cementation 
factor and the exponent in the resistiy- 
ity index-saturation relationship. 

In order to accomplish this end, 
which involves the interrelation of elec- 
trical parameters with those relating 
to fluid movement, we make the funda- 
mental assumption that the tortuosity 
pertaining to the flow of electrical cur- 
rent through conducting fluids in po- 
rous media is closely related to the 
tortuosity which appears in equations 
describing the mass transfer of fluids 
in the same media. 

Tortuosity, it will be recalled, refers 
to the effective flow streamline length” 
which determines the macroscopically 
observed variation in conductivity 
(whether it be electrical or fluid) as a 
function of the miscroscopic orienta- _ 
tion characteristics of the individual 
pores comprising the  interspaces. 
Therefore, the equivalence of hydraulic 
and electrical tortuosities seems to de- 
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pend to some extent on the degree of 
uniformity of the pore structure, 

In the treatment given below we will, 
for simplicity, assume that these two 
tortuosities are numerically identical 
and we will show that there is evidence 
in a number of cases to support this 
view. We would not, however, deny 
the contention that there may be an 
empirical constant connecting the two 
tortuosities; such evidence as we have 
obtained points, however, to such a 
constant, if it exists, being close to 
unity, 

We would not infer that the mechan- 
ism of flow of electrical current through 
a porous medium containing a conduct- 
ing fluid is identical with the flow 
mechanism of the fluid itself through 
that medium. Differences between the 
two mechanisms are immediately ap- 
parent and certain of these differences 
are discussed below. In particular we 
would not expect any similarity be- 
tween the two processes unless the 
path available for hydraulic movement 
was the same as that available for elec- 
trolytic conduction. This limitation ex- 
cludes any consideration of such porous 
media as shales, where the solid matrix 
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is itself conducting. Similarly, in a 
porous medium composed of both con- 
ducting and non-conducting solids the 
similarity between fluid flow and elec- 
trolytic conduction can only be pre- 
sumed to exist throughout the liquid 
phase. That is, any conductivity result- 
ing from the presence of the conducting 
solids in the matrix must first be ac- 
counted for by independent processes. 


Development of Formation 
Factor Concepts 


The foregoing considerations imply 
that the formation factor concept is of 
fundamental importance to the develop- 
ment of applications based on electri- 
cal log data. From this, it follows that 
a definition of formation factor in terms 
of textural parameters of greater sig- 
nificance than the arbitrary cementa- 
tion factor, m, of Equation 1 would be 
of considerable importance in the wider 
interpretation of electrical log data. 
Such a definition may be derived if 
the tortuosity applicable to fluid flow 
in porous media is assumed to be the 


* Note that the fundamental definition of a 
porous medium possessing random pore distri- 
bution is that any plane through the medium 
will always expose a constant fractional void 
area prceportional to the porosity. 
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FIG. 1 — POROSITY AS A FUNCTION OF TORTUOSITY FOR CONSTANT VALUES OF FORMATION 


FACTOR AND CEMENTATION FACTOR 
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same as that which affects the resistiv- 
ity of porous media to electrolytic con- 
duction. 

In considering the electrical resist- 
ance of a fluid saturated porous medium 
possessing a random* distribution of 
pores, we may express the resistance 
in terms of the electrical resistance of 
a single fluid-filled channel having a 
rather complex shape but of constant 
cross sectional area, ¢A., where ¢ is 
the fractional porosity and A, is the 
total area of cross section. The length 
of this conducting channel may be tak- 
en as L,, where L, is greater than the 
actual length, L, of the porous medium. 
If p, is the resistivity of the saturating 
fluid and p,, the resistivity of the satu- 
rated medium, 


1, EA 
Pw = eat 
ere 
eas 


Whence, py = p. 


But, by definition, 


F = py /p- = (L,/L)/¢ =T*/¢ 
anes 
Where, T= (L,/L)*? = Tortuosity. 


It may be pointed out that Thornton’s” 
recent treatment of relative permeabil- 
ity data has implicit in it concepts 
which lead also to Equation 3. In an 
extension of Thornton’s treatment we 
derived” an expression for the hydrau- 
lic formation factor, F;, in the form: 
Fee NTO) ee 

Where N = number of pores in any 
cross-sectional area, A,.. 

Comparison of Equations 3 and 4 

gives: 

Be/N =? 

and this calls attention to a funda- 
mental difference between viscous re- 
sistivity to fluid flow and electrical re- 
sistivity. The former effect depends 
principally on the pore radius raised 
to the fourth power (r’) and the latter 
to the radius squared (r’). Hence, we 
observed that F, from Equation 4 is the 
square of F from Equation 3 but in- 
cludes an arbitrary parameter reflect- 
ing porous body geometry. 

It is necessary now to examine Equa- 
tion 3 in detail, especially with regard 
to its implications, since this definition 
of formation factor will serve as the 
basis for much of the other develop- 
ment to be given in this paper. 
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Fig. 1 is a plot of fractional porosity 
versus tortuosity where a _ graphical 
solution can be made of Equation 3 for 
the formation factor. The dashed hori- 
zontal line refers to the porosity of the 
cubic packing of spheres, which is the 
maximum theoretical regular packing 
porosity which can obtain and which 
is somewhat above the maximum poros- 
ity which will obtain in practical in- 
stances. Minimum porosities for gran- 
ular materials will generally exceed 
0.05, and tortuosities will range from 
about 2.5 to perhaps 250; meaning the 
formation factors will generally fall 
in the range of 2.5 to perhaps 500. 
Fig. 1 also shows isocementation factor 
lines which are based on the following 
formulation for the cementation factor, 
m: 

m = (1In¢/T”) /(1n¢) EAs SA) 
arrived at by combining Equations 1 
and 3. Although m can vary in the 
mathematical sense between 1 and in- 
finity, it is clear from Fig. 1 that the 
variation to be encountered in practice 
lies well within the limits of 1.3 and 
3.0 as originally observed by Archie, 
Guyod and others.+ In the theoretical 
sense, however, values of m and limits 
in values of m are of little consequence 


where 6 and P, are the interfacial ten- 
sion and the displacement pressure, 
respectively, and t, is the pore shape 
factor referred to by Carman.” This 
would give as another definition for m: 
m = (1n¢”’K“t, 7P4/8) / (Ing) 
implying that a log log plot of ¢ versus 
(6/P.) /(Kt,)* would be linear with 
slope equal to (1—2m)/2 and with 
zero intercept if m were constant. How- 
ever, for texturally similar porous me- 
dia, i.e., with identical tortuosities, it 
is seen from Equation 6 that this plot 
will have a slope of (—2) and intercept 
equal to T, and that for texturally dis- 
similar slope of 
(1-2m)/2 and zero intercept is not 
indicated as a 


porous media the 
at all theoretically 
unique requirement. 


Equation 6 is of further interest in 
developing the relationshin between 
formation factor and permeability. 
Combination with Equation 4 gives: 

InF =-4% 1nK + 1n(6/¢”%t,”P,) 
which is a reasonable description of 
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some of Archie’s data“ where a log log 
plot of F and K gave a slope of —. 
The implication is that the term, 
5/¢”t,P,, was constant for the reser- 
voirs giving such data plots. Such con- 
stancy, however, is not to be anticipated 
as unique since the above referred to 
intercept term can also be expressed 
as (TK) ”/¢, showing its implicit de- 
pendence on K; and indeed Archie’s 
data more generally show a slope of 
about —'4 on the log log plot of F 
versus K. 


To conclude this discussion of for- 
mation factor as described by Equation 
3, it is of interest to examine further 
the utility of the expression which has 
been developed. For instance, the claim 
that Equation 3 is a more theoretically 
sound description of F than is Equa- 
tion 1 will have little or no appeal te 
those concerned with practical applica- 
tions unless it can be shown that the 
term T in Equation 3 is more readily 
obtainable than the cementation factor, 


Table I 


Tortuosity of Regular Sphere Packings 
¢ 4 


since Equation 3 appears to be the oe F(Pirson) Ter e/ 2) 
fundamental definition of formation eee 33 one 40 are 1.57 1.60 
factor and Equation 1 is nothing more HW ‘ 1 ; cs ie PES Be a) 
than a trivial definition which has been resis : me zeae — 
accepted in the past because of the 
coincidental fact that m appears to 
have a rather constant value in certain Table IL 
reservoirs. The theoretical implication Ge K é P ; F F 
of finding a reservoir where mn: is a ma oe dynée fens Wiese ont ceeeeee 
true constant is that tortuosity will be tonduna 693 0.258 0.75 3 43.0 13.7 hoe 
ee ausl to porosity “raised to-some con: Ajundum 667 0.254 1.05 43.0 11.3 11.0 
stant exponent, (2—2m). Previous in- Alwndusn 688 0.265 0.904.- = 43.0 119 112 
vestigations,” however, have shown that Alnnduch 657 0.262 1.05 43.0 13.0 110 
tortuosity may be expressed: Pyrex 2300 0.344. 0.653 43.0 79 81 
hbo O/ Kt) (0/ Pa): Nicholls Buff 232 0.200 eee 43.0 125 12.8 
(contact angle assumed 0) Nicholls Buff 205 0.198 2.10 43.0 12.4 12.3 
(6) Berea 907 0.225 0.874 43.0 iter 12.0 
Berea 695 0.226 0.880 43.0 1237 14.5 
; Alundum 64 0.236 4.24, 54.2 5 10.1 
7 For example, varying the porosity ten-fold eu oe ie es ee aC ee 
from 5 to 50 her cent and eee he ees Pyrex 322 0.298 2.13 54.2 bad 8.0 
ee ee es ME Re ees wes 
four-fold (ie., from 1.36 to 6.01) if Ee Esti Pyrex 342 0.304 2.13 54.2 7.1 (es) 
Bie os tetrad te anette plies oh pie ee ey ee eee 
ee eee ee 8s Oar a eee oe 
is made that maximum porosity should be ass0- Py poy ne 325 5.21 54.2 6.4 5.5 
Lee ee pee Oe gaat eee eae 
will vary some 100-fold from 6.3 to sonra ee pen : eee * vow 54.2 6.2 5.6 
(ef. Fig. 1 for other comparisons of this sort). Alundum 60.8 0.232 4.71 54.2 10.9 9.5 
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m, appearing in Equation 1 or that 
Equation 3 may be used to extend the 
value of formation factor measure- 
ments. Even though it has been shown 
by reference to Equations 3 and 4 that 
fluid flow and electrical conduction 
are not strictly analogous, we nonethe- 
less believe our assumption that the 
tortuous path which provides added 
resistance to fluid conduction is the 
same as that which affects electrical 
conductivity in porous media is both 
useful and accurate. More direct proof 
of the essential similarity between the 
two tortuosities, fluid and electrical, are 
now given. Thus, using values of for- 
mation factor in Equation 3 quoted by 
Pirson™ as applicable to systems of reg- 
ular packed spheres, we can arrive at 
the values of tortuosity shown in 
Table I, since porosities are known 
packings. A number of 
values have been quoted as the proper 
tortuosity values to associate with 
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systems of regular packed spheres, 
as 2.47 by Hitchcock,” 1.69 by Dalla 
Valle,” and 2 by Carman.” Moreover, 
implicit in the work of Fricke’ is the 
definition of tortuosity as (3-4/2). 
It is seen that the computed values in 
Table I at least fall within the range 
of possible values quoted by previous 
workers. 


Further evidence bearing on the 
validity of the concepts implicit in the 
derivation of Equation 3 has been ob- 
tained as a consequence of the experi- 
ments summarized in Table II. It has 
been shown above in logarithmic form 
that combination of Equations 3 and 6 
gives an expression for formation fac- 
tor as: 


5 1 Vp 
F==( ) meds GL) 
Pa Kt.¢ 


In order to check this formulation 


values of Py, 5, ¢ and K were measured 
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by conventional means on a series of 
core samples consisting of both syn- 
thetic and natural oil field cores. A 
value of t, = 2.25 was assumed, and 
the computed values of F are given in 
Table II. The formation factors were 
then measured and corrected where 
necessary for the effects of conductive 
solids. Fig. 2 illustrates the comparison 
obtained between the measured and 
computed values of F, and the calcu- 
lated correlation coefficient of 0.986 is 
quite indicative of the general validity 
of the concepts relating formation fac- 
tor to tortuosity and porosity. 


The conclusion which we reach from 
the considerations and data given is 
that the similarity between the two tor- 
tuosities, hydraulic and electric, in po- 
rous media is extraordinarily close and 
that to a first approximation at least 
they may be considered to be identical. 
The consequence is that formation fac- 
tor may be expressed in terms of a tor- 
tuosity-porosity function, thus provid- 
ing the link which enables the forma- 
tion factor concept to be interrelated 
with the important equations related to 
fluid movement in porous media. It is 
thus possible to formulate an expres- 
sion (Equation 7) for formation factor 
in terms of porosity, permeability, in- 
terfacial tension, shape factort and 
displacement pressure, and this ex- 
pression we will show below to have 
certain application possibilities for the 
determination of permeability from 
electrical log data. 


The expression for formation factor 
in terms of a tortuosity-porosity func- 
tion is not of direct practical utility 
since tortuosity is not sufficiently read- 
ily obtainable to permit porosity to be 
deduced rapidly from formation factor 
data. Further reference to this point is 
made in a later section. 


The new formulation of formation 
factor serves, however, to show that 
the cementation factor concept has lit- 
tle theoretical rationale and the use 
of specific values of the exponent m as 
characteristic of certain definite de- 
grees of cementation is to be depre- 
cated unless used with great caution. 
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= The pore shape factor, ts, appearing in 
Equation 7 has been shown by Carman? to 
vary within the narrow limits of 2.0 to 2.5, co 
that it may be assumed constant for computa- 
tion purposes involving Equation 7. 
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In the case of unconsolidated porous 
media of relatively high porosity, the 
apparent constancy of m at a value of 
about 1.3 is probably a coincidental 
consequence of the compensating small 
changes in tortuosity which occur when 
the porosity of such systems is sub- 
jected to small changes. 

The expression for formation factor 
in terms of an hydraulic tortuosity is 
also of considerable utility in the ex- 
amination of the resistivity index con- 
cept, and we now consider this prob- 
lem. 


Development of Resistivity 
Index Concepts 


By analogy to Equation 4 the effec- 
tive formation factor characterizing the 
partially saturated porous system; that 
is, the ratio of the resistivity of the 
reservoir (or core sample) at brine 
saturation, S,,, to the brine resistivity, 
can be expressed as: 

r= a. /¢s, pe ee se 5G) 


where T, is the tortuosity of the equiv-_ 


alent pores which may be regarded as 
making up the brine-filled portion of 
the system. Combination of Equations 
3 and 8 gives: 
I = Resistivity Index = F./F 

ney et ae iE erecaren 6) 
as compared to the empirical relation 
which is given as Equation 2 above. 
The term, T./T, has been expressed 
previously” as: 

T/i = 5, Pd (Kees (9A) 
where K,., is the wetting liquid relative 
permeability and P, is the capillary 
pressure, both obtaining at saturation 
S,- As before we assume that the hy- 
draulic and electrical values of T, are 
the same. This gives: 

I= P./P.(KiwSw) @ (10) 
Unfortunately, there are only meager 
data available in the literature§ which 
can be employed to check the validity 
of equations 9 and 10, this being due 
principally to the fact that relative per- 
meabilities are very difficult to meas- 
ure, and when they are measured the 
necessary resistivity and capillary pres- 


§ Attention is called to Thornton’s recent 
work?! where equivalent forms of Equations 8, 
9, 10 and 11 are independently developed, and 
where some evidence is given bearing on the 
validity of these equations. 
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sure data are not usually also obtained. 


The first example to be considered 
is that of the single capillary tube sat- 
urated with various proportions of wet- 
ting (electrically conducting) and non- 
wetting fluids, where either the non- 
wetting fluid will be considered as dis- 
persed in the wetting phase as droplets 
of radius less than the capillary tube 
radius, or the wetting liquid will be 
regarded as flowing as an annular 
cylinder around the centrally located 
flowing non-wetting fluid. In a recent 
paper” it was shown the right-hand 
term of Equation 10 reduces to 1/Sw 
for such a system, which is exactly 
what would be calculated for the re- 
sistivity index by Equation 9 under the 
conditions of saturation stated above 
(ie, T. = T for all values of satura- 
tion). Only one other example will be 
cited as direct confirmation of Equa- 
tion 10. If the capillary pressure data 
of Leverett” and the relative perme- 
ability data of Wyckoff and Botset,” 
obtained on comparable unconsolidated 
sands, are substituted in Equation 10, 
the resistivity index exponent, n, is 
computed for all values of saturation 
to lie between the limits of 1.75 and 
1.90 as compared with the experiment- 
ally determined value of 1.96. On the 
other hand, indirect evidence bearing 
on the validity of Equation 10 may be 
derived from the relative permeability 
data of Morse et al.,° even though no 
capillary pressure data are available 
for the computation. In one case values 
of the ratio, Pa/P., can be computed 
as 0:89" at- oe = 0:1, O:BA- at So = 0-5, 
and 0.55 at Sy = 0.3 (cf. Morse et al 
data on their synthetic core) ; whereas, 
in another case values of the ratio are 
computed as being greater than unity 
(cf. the data on the oil-wetted Brad- 
ford core). The former values are cer- 
tainly reasonable and perhaps of the 
right order; the latter values are cer- 
tainly unreasonable and perhaps ex- 
plicable in terms of experimental error 
or in terms of an inherent limitation 
in the application of the equations de- 
veloped in this paper to oil-wetted me- 
dia. In any event, Morse et al regarded 
their data on the Bradford core as 
anomalous, at least as compared to 
their other results. 


It will be noted that the above ex- 
amples, which tend to establish the 
validity of Equation 10, are of interest 
and importance since they are sugges- 
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tive that Equation 10 will be found use- 


ful as an expression for wetting liquid 


relative permeability. Thus, it is seen 
that an experiment which includes the 


FIG. 3 — TORTUOSITY RATIO AS A FUNCTION 
OF SATURATION FOR CONSTANT VALUES OF 
THE RESISTIVITY INDEX EXPONENT 


measurement of capillary pressure and 
resistivity index, both as a function of 
saturation, suffices for the computation 
of K,. according to: 

Kee = (Pai/ Pa) (Eds (11) 
Although Equation 11 depends on as- 
suming a variation of T/T. with satu- 
ration to be that described by Equation 
9, it should not be interpreted that 
previously developed expressions for 
wetting. liquid relative permeability” 
based on assuming a constant value for 
T/T. will be too greatly in error. It 
appears probable, in some instances at 
least, that T/T, will be nearly constant 
as an approximation over a consider- 
able saturation range, as evidenced by 
the tendency of the resistivity index 
exponent, n, to approach low values 
as the saturation is decreased (cf. the 
Russian data cited by Guyod*).** 


At this point it will be instructive to 
examine the implications of Equation 2 
as brought forth on combination of 


** Subseauent to the preparation of this pa- 
per and subsequent to the later appearance of 
Thornton’s note in the literature?! we rein- 
vestigated the utility of Equation 11 and we 
reported 2° certain inherent limitations related 
to its application, such as the difficulty of ob- 
taining correct values for the ratio, Pa/Pc, 
associated with conditions of fluid distribution 
characterizing multi-phase fluid flow processes. 
In our note we arrived at an alternative equa- 
tion for relative permeability as: Krw =I 
. . . (11A) which is developed through inter- 
relation of the consequences of Equation 4 
with Equation 11. We also commented on the 


possibility of encountering experimental data 


wee are fitted by neither Equations 11 nor 
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Equation 2 with Equations 9 and 10. 
Thus, we have: ; 

Wennes, 1/1.) Ga: SS!) 2) 
as shown graphically by Fig. 3. As in 
the case of the cementation factor, m, 
(cf. Equation 5), we find the theoreti- 
cal limits of the resistivity index ex- 
ponent, n, to be between unity (as in 
a system of capillary tubes where T/T, 
is unity for all values of saturation) 
and infinity. On the other hand, Fig. 3 
is suggestive that the limits to be en- 
countered in practice are perhaps 1.5 
to 2.5 at saturations below 30 per cent, 
since from Equation 9 values of T/T, 
less than about 0.01 are not to be 
expected. At high saturations, expo- 
nents as high as 4 appear to be pos- 
sible. In connection with these practi- 
cal limits, an interesting analysis can 

~be made on the basis of Equation 12. 
By taking the relationships between 
the parameters, relative permeability. 
capillary pressure and saturation, as 
developed previously,” it is possible to 
solve-Equation 12 for the exponent n. 
Fig. 4 shows the results of such ap- 
proximation, and it is seen how n is 
indicated to vary with rock texture*** 
(as measured in terms of S,;) and 
with saturation. With regard to the lat- 


FIG. 4— VARIATION OF RESISTIVITY INDEX 
EXPONENT WITH SATURATION 


ter, it is our expectation that in prac- 
tical instances n will be found to vary 
with saturation, although we do not 


23 imply that the variation as shown in 


Fig. 4 and arrived at by approximation 


*** The recent experimental data of Dunlap, 
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processes is necessarily the type of 
variation which will be encountered. 
In fact, the majority of data available 
in the literature showing a variation 
in n with S, in general indicate that 
n approaches a limiting constant value 
of about 2.5 or less with decreasing 
saturation (cf. Fig. 50 in the paper by 
Guyod") and this is not the effect indi- 
cated by Fig. 4. Theoretically, however, 
at pendular saturation Io and hence 
n must tend to infinity if S,~ is to 
equal I. In any event, Fig. 4 is of 
interest, in showing that the values of 
n encountered in practice are order of 
magnitude similar to those indicated 
from theory. 

It is implicit in this discussion that 
the resistivity index exponent, n, as 
defined by Equations 2 and 12 is based 
less on theory than on the expedient 
desire to provide a simple empirical 
formulation of experimentally observed 
relations and in this connection our 
comments given previously with respect 
to the validity of constant values of m 
apply equally to values of n. It may be 
pointed out that if a continuous func- 
tion is desired, it seems possible that 
the resistivity index, I, should be re- 
lated by the exponent, n, to the term 
(S,-~S,:), rather than to saturation 
alone as in Equation 2, where S,, is 
the “irreducible” saturation reflecting 
on pendular configuration of the wet- 
ting phase. That is, our assumption re- 
garding the equality of the hydraulic 
and electrical tortuosities breaks down 
at saturations in the vicinity of S,; 
because the electrical resistivity be- 
comes a surface effect in the event the 
brine wets the porous matrix, or it 
approaches infinity at pendular satu- 
ration when the angle of interfacial 
contact is greater than zero and the 
matrix is a con-conductor. At pendular 
saturation all fluid conduction has, 
however, ceased. In this connection it 
will be noted that available data re- 
lating I to S, are often consistent with 
the surface conductivity concept given 
above. For example, Morse et al® show 
a relative electrical conductivity of 
about 10 per cent (n = 1.96) at satu- 
rations which are evidently pendular 
for their synthetic sandstone, and equiv- 
alent results can be found in most 
other published data. In addition, it 
will be clear from Equation 12 that 
the exponent, n, is dependent princi- 
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pally on the type of saturation distribu- 
tion obtaining at given values of S,,. 
for the ratio, T/T., is a measure of 
fluid distribution. Therefore, the re- 
quirement is implicit that in laboratory 
experiments fluid distributions must be 
obtained which are analogous to those 
obtaining in the natural petroleum res- 
ervoir, if data for valid electrical log 
interpretation are desired. Moreover, 
Equation 12 is quite suggestive that 
values of n will vary for different types 
of porous media, and will vary for 
given types of porous media when satu- 
ration is varied, even though the same 
type of fluid distribution is maintained. 
and certainly when the fluid distribu- 
tion type itself is varied. Admittedly, 
there is only meager evidence in the 
published substantiating 
these possibilities, and the common oc- 
currence of values of n ~ 2 is difficult 


literature 


‘to interpret except as a fortuitous and 


otherwise non-unique result. 


DEVELOPMENT OF 
PRACTICAL APPLICATIONS 


In addition to application for the 
location of shale and sand intervals, 
it has been suggested that electric logs 
yield data which may be used to deter- 
mine quantitatively three important 


reservoir parameters, viz., connate 
water saturation, porosity and perme- 
ability. In the light of the foregoing 
theoretical discussion, it is instructive 
to examine the inherent probability of 
being able to compute these three 
parameters. In so doing, we must bear 
in mind the fact that since electric 
logging is now an almost universal ad- 
junct to standard drilling practice, any 
quantitative or even semi-quantitative 
data that can be derived from electric 
logs is in the nature of an operational 
bonus. Thus, we should recognize the 
fact that a purely academic approach 
to the problem of quantitative log in- 
terpretation is economically unjustified. 
If it can be shown that rigid and uni- 
versal methods of log interpretations 
are not theoretically probable, we are 
still entitled to use the available the- 
ory to suggest such semi-empirical ap- 
proximations as appear to be justified 
under certain specific conditions ob- 
taining in certain limited geographical 


areas. 
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The Estimation of Connate 
Water Saturation from Log Data 


The use of electric logs for the quali- 
tative location of oil or gas saturation 
in reservoir rock depends fundamental- 
ly on the derivation of three param- 
eters. These parameters are the true 
formation resistivity, the resistivity of 
the connate water at the formation 
temperature and the true formation 
factor. It is believed that the first two 
parameters can now be obtained with 
a high degree of accuracy in many 
instances. The estimation of formation 
factor is less readily made. It is not 
only difficult to determine formation 
factor with accuracy from present log 
data, but the apparent value, when de- 
duced from the log, may be increased 
by residual oil saturation and de- 
creased by conducting solids.’ If an 
oil-water contact exists, it is theoreti- 
cally possible to correct the apparent 
formation factor for the effects of con- 
ductive solids.’ If such a condition does 
not obtain, the best method (in the 
absence of cores) still appears that of 
assuming the formation factor to be 
identical with the formation factor of 
a water sand adjacent to the one of 
interest. New techniques for estimating 
formation factor in situ are thus of 
prime importance to log interpretation. 
However, from a strictly qualitative 
approach, it is clearly desirable to 
overestimate the numerical value of 
formation factor, since the qualitative 
identification of hydrocarbon satura- 
tion in a formation is based on the 


relationship: 
Fp. « Pt 
Where, 
F = true formation factor, 
——-p, = connate water resistivity, 


p, = true formation resistivity 
(corrected for conducting 
solids). 

From the standpoint of quantitative 
log interpretation, the above difficulties 


. are reinforced by the additional diffi- 


culty of finding the appropriate value 
for the exponent, n, in the resistivity 
index-saturation relationship, 


[ee Ss et aera epee) 


Fig. 5 shows a plot of water satura- 


tions, S,, against values of the expo- 
nent, n, for various constant values of 


ep lsh2 


TI ‘ 
SS a a ee ee ee ee ee 


the resistivity index, I. Each curve of 
the family plotted may be shown to 
have a slope given by the relationship 
(aS,/éen); = —S,InS,/n, and all 
curves may be calculated from the 
appropriate value of (0°S,/dn’); = 0 
to have a point of inflection at a satu- 
ration of 0.136 (13.6 per cent). 


It is clear from Fig. 5 that if the 
exact value of n for a particular for- 
mation is unknown to the log inter- 
preter, the maximum error in a water 
saturation computed by arbitrarily as- 
suming a value for n will result for 
true water saturations of about 14 per 
cent. Fig. 5 shows, however, that al- 
though maximum errors in interpreta- 


tions are to be anticipated at satura- 
tions in the region of 14 per cent, the. 
errors at any other saturations in the 
saturation range applicable to produc- 
ing formations are also extremely se- 
rious. For example, if the probable 
range of n values in commercial oil- 
bearing reservoirs is assumed to be 
from 1 to 4, a resistivity index of 10 
may be seen from Fig. 5 to indicate 
saturations anywhere from 10 per cent 
to 56.5 per cent, i.e., that reservoir may 
be computed to_be either a potential 
producer of pipe line oil or a potential 
water sand, unless a more specific 
value of n for the reservoir is either 
definitely known or can be reliably as- 


FIG. 5 — GRAPHICAL SOLUTION OF | = Sy." 
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sumed. However, Fig. 5 may be used 
to divide computed resistivity indices 
into three broad categories if the range 
of practical n values for all saturations 
is assumed to be from 1 to 4. 


In the first category are resistivity 
indices less than 2. Such indices indi- 
cate water saturations in excess of 52 
per cent and may almost invariably be 
to be 


assumed indicative of water 


sands. 


In the second category are resistivity 
indices in the range 2-20. If possessed 
of such an index a formation may be 
either a pay sand or water producing 
since saturations may vary from 5 per 
cent to 84 per cent. Thus, in the ab- 
sence of any information concerning 
the appropriate value of the exponent 
n to use, resistivity indices in this 
range give no reliable guide to produc- 
tion possibilities. 


In the third category are resistivity 
indices which exceed 20. In this range 
the formations certainly contain less 
than 47 per cent water even for values 
of n as high as 4, and the probability 
of the formations containing oil or gas 
in commercial quantities is, in conse- 
quence, very high. 


It appears probable from the theo- 
retical treatment given above that the 
exponent n varies with the texture of 
the reservoir rock, the extent of wet- 
ting liquid saturation and other factors 
normally unknown to the log inter- 
preter. While this conclusion requires 
further experimental elucidation, we do 
not consider that it is at present the- 
oretically justifiable to regard the re- 
lation I=S,™“ as anything but a 
mathematical convenience. In practice, 
however, it would appear from the 
available experimental evidence that 
for reservoirs with low irreducible 
water saturations (in about the range 
8-20 per cent) and probable variation 
of n may well lie within narrower 
limits than the range 1 to 4 previously 
discussed. For reservoirs with irredu- 
cible saturations from about 8-20 per 
cent, present experimental evidence in- 
dicates that n may only vary from 
about 1.7 to 2.5 in a large number of 
practical cases. If this is so, fairly 
reliable quantitative saturations may 
be calculated on the basis of the ex- 
ponent n ~ 2, notwithstanding the fact 


° 
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shown above that in this saturation 
range errors in S,, arising from errors 
in n are at a maximum. Table III gives 
the saturations applicable to a number 
of resistivity indices for values of the 
exponent n of 1.7, 2.0 and 2.5. 


Table III 
i= 1.7 2.0 DES 
I Se Se Ss 
20 ez, 22.4, 30.2 
40 ES 15.9 DAs 
60 9.0 13.0 19.5 
100 6.7 10.0 15.9 


It will be seen that although the 
values of S, in Table III differ con- 
siderably, an exponent of 2.0 would, 
nevertheless, ‘give saturations of con- 
siderable utility to the reservoir engi- 
neer. If, in addition, it is recollected 
that no reservoir is texturally homo- 
geneous or uniformly saturated, it is 
not unreasonable to believe that the 
intrinsic tendency of the log to yield 
average data for a large volume of 
reservoir rock may give rise to a com- 
puted saturation in excellent quanti- 
tative agreement with the mean of the 
irreducible water saturations obtained 
by core analysis techniques on a num- 
ber of sample cores from the forma- 
tion logged. 


In the light both of available experi- 
mental data and theoretical considera- 
we would, however, strongly 
deprecate the attachment of undue im- 


tions 


portance to calculated numerical val- 
ues of saturation in excess of about 30 
per cent unless the textural constants 
of the reservior had previously been 
established. 


The Estimation of Porosity 
From Log Data 

From the theoretical section above it 
may: be deduced that the porosity, ¢, 
in Archie’s relationship between poros- 
ity and formation factor and exponent, 
m, can be expressed as: 

1 1 

1 
i Bs pe) a 
F 


o¢= == 


oe mes (1S) 


Assuming that formation factor is 
obtainable from purely log data, poros- 
ity can only be computed if a reason- 
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ably accurate value of m can also be 
derived from log data. Equation 13 
emphasizes that this is possible only 
in the event that tortuosity is obtain- 
able from log data. Since no method of 
deriving tortuosity from log data alone 
is apparent, we conclude that the quan- 
titative determination of porosity from 
the electric log is not at present pos- 
sible. The nature of the problem, as 
exemplified by Equation 13, suggests 
that the only feasible practical meth- 
ods for determining porosity, which 
will not involve a full coring program, 
will depend upon the combination of 
log data with such core analysis data 
as can be obtained on cuttings or side 
wall samples. 


Qualitatively, Fig. 1 reinforces graph- 
ically the prevailing view that low for- 
mation factors will always be asso- 
ciated with rather high porosities. Tor- 
tuosity cannot be less than unity, hence 
a formation factor of 10 will mean a 
porosity of at least 10 per cent. Simi- 
larly, a formation factor of 5 implies 


a porosity greater than 20 per cent.* 


The Estimation of Permeability 
From Log Data 


Tixier has recently published’ a 
method of determining permeability 
from log data which he shows to be of 
practical utility in the Mid-continent 
area. An examination of Tixier’s treat- 
ment indicates that a number of as- 
sumptions are inherent in his approach 
and that these assumptions appear un- 
necessarily to limit any wide applica- 
tion of his 
Tixier assumes that the exponent in the 
resistivity index-saturation relationship 
is 2.0, and that at any saturation, S,, 
capillary pressure, P., is related to per- 
meability, K, in the manner, 


method. Fundamentally, 


Constant 

ee 

On the basis of these two assumptions 
he derives an expression for formation 
permeability in terms of the densities 
of brine and hydrocarbons in a porous 
formation and the slope of the resistiv- 


Po = 


+The fact that for a constant formation fac- 
tor, Fig. 1 shows tortuosity to increase with 
increase in porosity can be rationalized by 
recollecting that constancy of formation factor 
with increasing porosity is inherently jmprob- 
able in any real porous medium. 
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ity curve above the oil-water contact. 
Tixier’s method is physically limited 
in scope by the relative paucity of logs 
showing valid oil-water: contacts and 
the necessity for estimating the hydro- 
carbon density as it exists in the res- 
ervoir. More fundamentally however, 
the equation connecting capillary pres- 
sure and permeability at any satura- 
tion appears to us to represent a sim- 
plification which is in most cases quite 
unreal. The assumption regarding the 
value of n, with the reservations we 
have outlined above, we consider to 
be more justified. 

Leverett has developed in two of his 
theoretical papers” a relationship for 
porous solids which may conveniently 
be expressed in the following form: 


o Vp z 
P= (<) j(Sw) 8Cos@ . (14) 


where P., ¢ and K have the same sig- 
nificance as before, 6 is the interfacial 
tension, @ the contact angle, solid to 
liquid, of the wetting phase, and j(S,,) 
is Leverett’s capillary pressure func- 
tion. From this equation the relation- 
ship between capillary pressure and 
permeability employed by Tixier fol- 
lows, if ¢, j(S,), 6 and Cos 6 are 
identical, or mutually compensating in 
their effects, in all the formations he 
studied. The universal constancy of 
6 Cos @ in water-wet oil field reservoirs 
is only acceptable as a first approxima- 
tion, since it would seem that surface- 
‘active components of some crudes might 
markedly affect the interfacial surface 
tension. Wide variations in porosity 
are clearly to be expected, although in 
an area such as the Rocky Mountains 
a relatively constant porosity may have 
obtained. Independent values for the 
capillary pressure function at various 
saturations are unobtainable at present, 
although the value of lim j(S,) has 
Sy 1 : 
been shown by Rose and Bruce” to be 
equal to (1/t)”, where t is the Ko- 
zeny rock textural constant. At any 
saturation, however, j(S,,) is a func- 
tion of the rock textural character of 
the formation and, hence, it may have 
wide variations not only from reservoir 
to reservoir but within any particular 
‘formation. Thus, the constant employed 
by Tixier, as Tixier noted, is certainly 
liable to vary very widely in different 
reservoirs and even in a particular area 
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its constancy does not seem to be prob- 
able except in very ideal circumstances. 
It would appear from Tixier’s results 
that the formations to which he applied 
his method were singularly texturally 
homogeneous and, thus, perhaps 
uniquely amenable to his treatment. 

Since Leverett’s equation indicates 
the factors which will affect Tixier’s 
empirical “constant”, it is reasonable 
to examine the possibilities of being 
able to express these factors in terms 
of measurable log data and thus to de- 
rive an expression of somewhat wider 
applicability. 


Rose and Bruce” have shown that 


» when S,, is unity, 


1 Ye Ve 
n= (Z)" (4) 
K t 


(Contact angle assumed to be 0) 
But it has been shown in the theoreti- 
cal section that, F = t’”/t,”¢. 
Hence, 

Pa = 0£(Kt,¢) ck ee) 
The displacement pressure, Py, does 
not seem to be obtainable from the 
electric log, but P, may be derived in 
principle by using the same technique 
as that employed by Tixier. The gen- 
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eral relationship between P, and P, for 
all porous media undoubtedly is com- 
plex, but to a first approximation the 
relationship derived by Rose and 
Wyllie® may be used. This relationship 
states that Py = P.S,”. It then fol- 
lows that, 


Yn 
OG) Gas 
KJ Ft,9%S,.” 


or that, 
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In Equation 15 6 may be assumed 
constant, to a first approximation, and 
since t, varies from about 2.0 to 2.5, 
it also is essentially a constant. The 
porosity, ¢, is not calculable from log 
data directly, but by assuming a rea- 
sonable value for m in the expression 
F = ¢™, @ may be expressed in terms 
of F with an accuracy compatible with 
the other practically essential approxi- 
mations. Thus, in terms of parameters 


eee s eee 415) which are obtainable from appropriate 
Pet ieS= logs, 
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++ From the logs published in Tixier’s paper? the following approximate data may be derived. 
Formation factors are computed from the true resistivities of the water sands and the stated con- 
nate water salinities using temperatures appropriate to the depths shown. 


Log F 
Layton, Oklahoma 10 0.33 
Cisco, North Texas 16 0.315 
Tensleep, Wyoming 7 0.35 
Rangely, Colorado 50 0.37 


Computed 
Pe psi K(lab)md 6 dynes/em 
6.7 27 30.2 
4.7 200-700 76.5-143 
1 450 14.9 
18.5 2.72 19.5 


The values for interfacial tension are computed by solving for 5 in Equation 16, m assumed 
1.5 and n as 2 in every case. It will be seen that the values for § so obtained are extremely vari- 
able and rather high. Errors in the assumed m are insufficient to reduce significantly the high 
computed values of §, particularly as the high values of § are associated with high formation 
factors. The fact that Sw appears to be independent of K points also to errors in n since the 


oe 


: computed values of § are directly proportion to Sw. 
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( 1 } 
K = Constant E =: 
; (2-5) 
[PF = 
Pd eae 
where the constant is ———_ ._ (16) 


for K in millidarcies, P. in psi and 
d in dynes/em. In this expression, in 
the absence of other knowledge, a value 
of m=1.5 is convenient. The con- 
stant, since it is dependent only on 6, 
@ and t, may well have rather wide ap- 
plicability unless variations in 5 are in 
fact very large.** The value of K de- 
duced from this equation cannot, how- 
ever, be expected to have more than 
an order of magnitude significance. 


Our prime objection to the use of 
Tixier’s method or the generalization 
of it outlined above, lies in the prac- 
tical consideration that insufficient logs 
showing suitable oil-water contacts are 
obtained. Another inherent objection 
is the knowledge of the hydrocarbon 
density in situ which is required and 
which makes the method not immedi- 
ately applicable when working in un- 
known territory. We have thus exam- 
ined the possibility of devising a meth- 
od of computing permeability under 
conditions where no oil-water contact 
exists and where no knowledge of the 
reservoir hydrocarbons has been ob- 
tained. With these severe limitations 
the problem becomes that of finding a 
relationship between permeability, for- 
mation factor and connate water satu- 
ration, since only the two latter quan- 
tities appear in principle to be calcu- 
lable from log data. We make, in addi- 
tion, the further assumption that the 
minimum water saturation computed in 
a reservoir is equal to the irreducible 
connate water saturation, S,;. In this 
we follow the basic assumption of all 
capillary pressure core analysis. 


The sole justification for attempting 
to connect permeability to irreducible 
water saturation and to formation fac- 
tor lies in the probability that all three 
parameters are functions of rock tex- 
ture. It is well-known that in rocks of 
similar texture, i.e., from the same res- 
servoir, there is frequently a definite 
relationship between irreducible satu- 
ration and permeability. However, the 
permeability for the same irreducible 
saturation may differ by several orders 
of magnitude if the rock texture 
changes. In order to obtain a general 
expression which will give permeability 
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(or at least its order of magnitude) in 
terms of S,; and F, it follows that F 
must appear in the desired expression 
in such a manner as to compensate 
these rock textural variations. 


With these considerations in mind 
we have approached the problem in the 
following manner. Rose and Bruce” 


have discussed the application of the 


Kozeny equation for the estimation of 


interstitial surface areas and _ have 
found a reasonably linear relationship 
when surface area is plotted against 
irreducible connate water determined 
by the capillary pressure method.~* 
Now the Kozeny equation giving inter- 
stitial surface area, A, per unit of pore 


volume is: 


“(OO 


substituting for 
Rea ey 


If the assumption is made that m=1.5, 


(1/F) 0.33 


oa K*9"Ft,4 2 


@? may be expressed as 
whence, 


if 
—, since ty = 2.25 


= 1.5K” 10. G7 
If S,; is a straight line function of A. 
then we have. 


: 
ie a) 


Se ———— 
wi C K“P°* 


where, C is a constant which must have 
the dimensions of a length, and C’ is 
a dimensionless constant. 


In a clean sand, S,; is zero when 
the interstitial surface area is zero. 
Thus, for clean sands, ie., with no 
interstitial water held in clays, the 
straight line must pass through the 
origin and C'=0. Fig. 6 shows some 
data we have for a producing zone in 
a Californian field. In this figure S,; 
has been plotted against (1/K”¢”F), 
no assumption being made regarding 
the value for m. The formation factors 
of the sands, all of which contained 
clay, were obtained with a fluid sufh- 
ciently saline to give good values of 
FY’ It will be seen that the points fall 


+++ It is as well to note that this relationship 
is clearly not applicable to the elementary case 
of packed homogeneous spheres, since here A is 
a function of both sphere radius and porosity, 
whereas Swi is independent of sphere radius. 
However, in consolidated porous media some 
relationship between A and Sw! is more plaus- 
ible. 


on a moderately good straight line and 
that the value for the constant C’ is 
about 12 per cent water. 


The present dearth of data suitable 
for testing Equation 17 results from 
the scarcity of formation factor values, 
not from lack of determinations of per- 
meability, porosity and irreducible sat- 
urations. However, as an approxima- 
tion Equation 17 can be written in the 
form, 


g 
omen BS Se apy oil ve (18) 
K¥ 


if, F = ¢”** is assumed to hold in all 
cases. This form of the equation is 
likely to be considerably less accurate 
than that involving F, since the effect 
of the assumption concerning the value 
of m assumes greater importance.tt 
However, there are sufficient available 
data for Equation 18 to be used to test 
the approximate general validity of 
Equation 17, i.e., whether the constant 
which relates irreducible saturation to 
interstitial surface area is markedly 
dependent upon rock texture, or wheth- 
er some mean value could be assumed 
for all types of formation. In the lat- 
ter event it would be simple to set up 
curves giving a mean or minimum 
value for permeability in terms of the 
formation factor and irreducible satu- 
ration of any reservoir. It should be 
noted that Fig. 6 indicates that dirty 
formations are unlikely to fit this pic- 
ture, since they may have an irredu- 
cible water saturation corresponding to 
an interstitial surface area of zero. 


Fig. 7 shows a plot of S,.,; against 
the function per cent porosity/ (per- 
meability in millidarcies)* for 80 de- 
terminations. The data for the Mid- 
continent are mean values of S,;, po- 
rosity and permeability made on inter- 
granular-type cores (including oolitic) 
from reservoirs in Kentucky, Illinois, 
Oklahoma and Texas. A few points 
refer to similar data on cores from 
California fields. It will be seen that 
while the scatter of points is consider- 
able, the data for Rangely, Colorado, 
(given by Rose and Bruce”) tend to 
fall on a straight line passing through 
the origin. These points also define the 
minimum value of permeability for a 


zz It may be noted that Equation 18 implies 
that o= 1/t, an equality not often encoun- 
tered in practical cases and indicative of the 
errors involved in assuming a constant m=1.5. 
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given porosity. Conversely, Thornton 
and Marshall’s data” which refer to a - 
Louisiana Gulf Coast reservoir of Mio- 
cene Age, tend to fall about another 
line passing through the origin and 
correspond to maximum permeabilities 
at any given porosity. The Mid-conti- 
nent and California data fall between 
these two extremes. 


Fig. 7 in itself does not lend support 
to the hope that a reasonably accurate 
general constant can be found to ex- 
press the relationship between S,; and 
¢/K™”. Fig. 7 shows, in fact, that for 
any given saturation and porosity the 
maximum possible permeability may 
be 150 times as great as the minimum 
possible permeability. It must be re- 
membered, however, that Fig. 7 is 
greatly dependent upon the assumed 
value for the exponent m and, as 
shown above, the scatter is also likely 
to be considerably influenced by inter- 
stitial clay in the formations consid- 
ered. 


The data for the Mid-continent and 
California show a ratio of 22 between 
maximum and minimum values of per- 
meability for any given porosity, and 
there is a probability of about 0.9 that 
under the same conditions the ratio 
between maximum and minimum per- 
meabilities will not exceed 12. In gen- 
eral, it seems possible that plots simi- 
lar to Fig. 7 but involving formation 
factor, may have some merit for the 
determination of the order of magni- 
tude of permeabilities over quite wide 
ranges of formation texture. It also 
seems theoretically possible that when 
more data are available the constant C 
in Equation 17 may be expressible in 
terms of other formation texture param- 
eters, in which case a unique curve 
relating all formations would be ob- 
tained. It may be mentioned that a con- 
stant C of the form ¢°/(1-—¢)’ serves 
markedly to reduce the scatter between 
the Rangely, Colorado data points and 
those of Thornton and Marshall, but 
does not consistently improve the Mid- 
Continent and California data. The 
term ¢°/(1-—¢)* is the porosity func- 
tion which appears in the Kozeny equa- 
tion when the specific surface area is 
expressed in units of grain volume. 
Carman” shows that ¢°/(1-—¢)? is that 
measure of rock texture which relates 


permeability to average grain diam- 


eter. 
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SUMMARY AND 
CONCLUSIONS 


In this paper we have had as our 
principal object the investigation of 
the inherent probabilities of deriving 
reliable information regarding the phy- 
sical characteristics of reservoir rock 
from electrical log data. We have indi- 
cated that since electric logs are now 
an almost universal aid to well comple- 
tion any information of a quantitative 
character which can be derived from 
electric logs is in the nature of a gift. 
It may also be pointed out that the 
value of this gift would be considerably 
enhanced if it led also to a curtailing 
or elimination of present coring and 
core analysis techniques. 


Our analysis of the problem has en- 
abled us to give physical interpretation 
~to the significance of such logging 
parameters as cementation factor, for- 
mation factor and resistivity index ex- 
ponent, and we have shown that these 
logging parameters are related to the 
rock textural parameters appearing in 
the Kozeny equation and expressions 
of capillary pressure phenomena. Our 
conclusions, from a strictly theoretical 
standpoint, do not, however, suggest 
that accurate estimates of reservoir 
rock parameters :may presently be 
made from electrical log data alone. 
although possibilities exist that the 
judicious combination of log data and 
selected core analysis data may often 
give expressions for certain of these 
parameters which have fairly wide 
applicability. 

Specifically we have derived, on the 
assumption that the tortuosity, T, ap- 
plicable to fluid flow of the wetting 
_ phase in a porous medium is the same 
as the tortuosity affecting electrical 
conductivity through the fluid in the 
same medium, an expression for for- 
mation factor, F, of “the form, 
F = T”/¢, where ¢ is the porosity of 
‘the medium. From this expression, we 
have shown that the common relation- 
ship F = ¢™ is of no fundamental sig- 
nificance and have indicated why the 
practical limits of m are likely to be 
from 1.3 to 3.0. We have also shown 
that the existence of reservoirs where 
a constant value of m will obtain, ir- 
respective of porosity, is not to be an- 
ticipated. Experimental evidence for 
the formation factor relationship de- 
rived is also presented. 
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Applying the same assumption re- 
garding the equality of the hydraulic 
and electrical tortuosities of the wet- 
ting phase in partially saturated porous 
media, e.g., brine-oil systems, we have 
derived an expression for the resistiv- 
ity index, I, in terms of saturation and 
the ratio of the wetting liquid tortu- 
osities at 100 per cent saturation and 
the saturation, S,. considered. Thus. 


I = (T./T)*S,,. 


We show that the use of this expres- 
sion leads to the conclusion thatsthe 
resistivity index exponent n in the rela- 
tionship [= S$,“ is dependent on the 
texture of the porous medium and the 
wetting liquid saturation. Thus, it ap- 
pears that n is neither universally con- 
stant at a value of about 2 in all po- 
rous media, nor is it necessarily con- 
stant throughout the whole saturation 
range in any particular porous medium. 
However, both available experimental 
data and theoretical considerations ap- 
pear to indicate that at low wetting 
phase saturations n may lie between 
1.7 and 2.5 in a large number of prac- 
tical instances, and thus a value of 
n = 2 has considerable practical utility. 


We show that the accurate determi- 
nation of porosity from log data alone 
is not possible, although limits to the 
porosity may be given. Thus, a forma- 
tion factor of 5 implies a porosity in 
excess of 20 per cent, while one of 10 
implies a porosity of at least 10 per 
cent. 


We have expanded an empirical rela- 
tionship proposed by Tixier and show 
that the order of magnitude of a for- 
mation permeability, K, may be ob- 
tained from the. relationship: 

[ 1 
1 
K = Constant (:-— ) 
x m 
P.F Se 
, 21.2 © 
where the constant is equal to 


for K in millidarcies, capillary pres- 
sure, P., in psi and interfacial tension, 
6, in dynes/cm. The value for t, lies 
between 2.0 and 2.5 and may be taken 
as 2.25. 


In order to obtain an estimate of per- 
meability when P. is unobtainable (i-e., 
in the absence of an oil-water contact 
in the reservoir) we suggest a correla- 
tion between irreducible saturation, 
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Swi; permeability and formation factor 
of the form: 


— 1 
Set O Kop re, 
where C and C' are constants. 

Evidence from a number of oil res- 
ervoirs in the United States is given 


to substantiate this type of correlation. 
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NOMENCLATURE . 


A Specific surface area of pores 
per unit of pore volume. 


A. Area of face of core. 


G Textural constant with the di- 
mensions of a length connect- 
ing irreducible water saturation 
to permeability and formation 
factor. 


CG Dimensionless constant. 


F True formation factor of porous 
solid. 

F. Effective true formation factor 
of a porous system partially 
saturated with a non-conduct- 
ing non-wetting phase. 

F, Hydraulic formation factor. 

I Resistivity index. 

j(S,) Capillary pressure function. 

K Specific permeability. 

K,,, Relative permeability to wet- 
ting phase. 

TP; Actual length of core. 


ies Mean effective length of pores 


in core. 

m Cementation factor exponent. 

n Saturation or resistivity index 
exponent. 

N Number of pores in any cross | 
section A.. 


Be Capillary pressure. 
P, Displacement pressure. 


R Radius of hypothetical cylindri- 
cal core of area A,. 


r Pore radius. 
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S, Fractional wetting phase satu- 
ration. 

S,i Fractional “irreducible”  wet- 
ting phase saturation. 

t Kozeny rock textural constant. 

ts Pore shape factor. 

T Tortuosity = (L,/L)’. 

abe Effective tortuosity at any satu- 
ration of the wetting phase. 

5 Interfacial tension. 

a) Fractional porosity. 

“ Fluid viscosity. 

Pe Interstitial water resistivity. 

Pr True core or formation resistiv- 
ity. 

De True resistivity of a core or for- 
mation 100 per cent saturated 
with a conducting wetting 
phase. 

6 Contact angle, solid to liquid, 
of the wetting phase. 

REFERENCES 
1. “Electric Log Analysis in the 


Rocky Mountains.” M. P. Tixier. 
O:l and Gas Jour., 48, No. 7, 143, 
(1949). 


. “Electric Logging.” E. F. Stratton 


and R. D. Ford. Quarterly of the 
Colorado School of Mines, 302, 
(1949). 


. “Evaluation of Permeability from 


Electric Log Resistivity Gradients.” 
M. P. Tixier. Oil and Gas Jour., 
48, No. 6, 113, (1949). 


. “A Quantitative Analysis of the 


Electrochemical Component of the 
S.P. Curve.” M.R. J. Wyllie. Trans. 
AIME, 186, 17, (1949). - 


. “A Statistical Study of the Accu- 


racy of Some Connate Water Re- 
sistivity Determinations from Elec- 
tric Log Data.” M. R. J. Wyllie. 
Bull. AAPG 33, 1892, (1949). 


. “Electrical Resistivity as an Aid 


in Core Analysis Interpretation.” 
G. E. Archie. Trans. AIME, 146, 
54, (1942). 


. “A Mathematical Treatment of the 


Electric Conductivity and Capacity 
of Disperse Systems. I. The Elec- 
tric Conductivity of a Suspension 
of Homogeneous Spheroids.” H. 
Fricke. Physical Review, 24, 575. 
(1924). 


es 118 


3. 


10. 


El 


13; 


14. 


15. 


16. 


We 


18. 


19: 


20. 


“Fundamental Data for the Inter- 
pretation of Electric Logs.” H. 
Guyod. Oil Weekly, 115, 38, Octo- 
ber 30 (1944). 


. “The Presence of Conductive Solids 


in Reservoir Rocks as a Factor in 
Electric Log Interpretation.” H. W. 
Patnode and M. R. J. Wyllie. 
AIME T.P. 2797, Jour. Pet. Tech., 
Pa OA et Wl SEX 

“True Resistivity Determinations 
from the Electric Log — Its Appli- 
cation to Log Analysis.” H. G. 


Doll, L. C. Legrande and E. F. 


Stratton. Presented to Pacific Coast 
District, Division of Production, 
API, Los Angeles, Spring (1947). 
“The Flow of Gas-Liquid Mixtures 
through Unconsolidated Sands.” 
R. D. Wyckoff and H. G. Botset. 
Physies, 7, (9), 325, (1936). 


. “The Effect of Moisture on the Di- 


rect Current Resistivities of Oil 
Sands and Rocks.” J. J. Jakosky 
and R. H. Hopper. Geophysics, 2, 
(1), (1937). 

“Determination of the Potential 
Productivity of Oil-Bearing Forma- 
tions by Resistivity Measurements.” 
M. Martin, G. H. Murray and W. 
J. Gillingham. Geophysics, 3, (3). 
(1938). 

“Electrical Resistivity an Aid in 
Core Analysis Interpretation.” G. 
FE. Archie. Bull. AAPG, 31, 350. 
(1947). 

“Relative Permeability Measure- 
ments on Small Core Samples.” R. 
A. Morse, P. L. Terwilliger and 
S. T. Yuster. Oil and Gas Jour., 
46, (16), 109, (1947). 

“Studies in Relative Permeability.” 
J. H. Henderson and S. T. Yuster. 
World Oil, 127, (12), 139, (1948). 


“Progress Report on Multiphase 


Flow Studies.” J. H. Henderson 


and A. H. Mendrum. Prod. Month- 
ly, 13, (5), 12, (1949). 
“Electrical Logging Developments 
in the U.S.S.R.” Part 6, H. Guyod. 
World Oil, 128, (4), 110, (1948). 
“Fluid Flow Through Granular 
Beds.” P. C. Carman. Trans. Inst. 
Chem. Engs., 15, 150, (1937). 
“Evaluation of Capillary Character 
in Petroleum Reservoir Rock.” 
Walter Rose and W. A. Bruce. 
Trans. AIME, 186, 127, (1949). 


. “A Note on the Valuation of Rela- 


tive Permeability.’ Owen Thorn- 


PETROLEUM TRANSACTIONS, AIME 


2. 


Mas 


24. 


Us 


26. 


DAs 


Zo: 


30. 


BE 


32. 


33. 


34, 


AIME, 186, 328, 


ton. Trans. 
(1949). 
“Theoretical Generalizations Lead- 
ing to the Evaluation of Relative 
Permeability.” Walter Rose. Trans. 
AIME, 186, 111, (1949). 


“Factors Which Affect True For- 
mation Resistivity.” S. J. Pirson. 
Oil and Gas Jour., 46, 76, Novem- 
ber 1 (1947). 


“The Size of Pores in Collodion 
Membranes.” P. I. Hitchcock. J. 
Gen. Physiol., 9, 755, (1926). 

Micromeritics. Pitman Publishing 
Company, New York, 2nd Edition 
(1948). J. M. Dalla Valle, P. 131. 


Discussion on “Capillary Pressures 
—Their Measurement Using Mer- 
cury and the Calculation of Perme- 
ability Therefrom” by W. R. Pur- 
cell. Walter Rose. Trans. AIME, 
186, 46, (1949). 

“Capillary Pressures—Their Meas- 
urement Using Mercury and the 
Calculation of Permeability There- 


from.” W. R. Purcell. Trans. 
AIME, 186, 39, (1949). 
. “Flow of Oil-Water Mixtures 


Through Unconsolidated Sands.” 
M. C. Leverett. Trans. AIME, 132, 
149, (1939). 


“A Note on the Theoretical De- 
scription of Wetting Liquid Rela- 
tive Permeability Data.” Walter 
Rose and M. R. J. Wyllie. Trans. 
AIME, 186, 329, (1949). 


“Capillary Behavior in Porous Sol- 
ids.” M. C. Leverett. Trans. AIME, 
142, 152, (1941). 
“Dimensional-Model Studies of Oil 
Field Behavior.” M. C. Leverett, 
W. B. Lewis and M. E. True. Trans. 
AIME, 146, 175, (1942). 


“Interstitial Water by the Capil- 
lary Pressure Method.” O. F. 
Thornton and D. L. Marshall. 
AIME Pet. Tech. T.P. 2126, Janu- 
ary (1947). 


“The Relation Between Electrical 
Resistivity and Brine Saturation in 
Reservoir Rocks.” H. F. Dunlap, 
H. L. Bilhartz, C. R. Bailey and 
E. Shuler. Trans. AIME, 186, 259, 
(1949). 

“Estimation of Interstitial Water 
from the Electric Log.” M. Wil- 


liams. Abst.: J. Pet. Tech., Sep- 
tember (1949). xk * 


Vol. 189. 1950 


T.P. 2809 


THE COEXISTENCE OF LIQUID AND VAPOR PHASES 
AT PRESSURES ABOVE 10,000 PSI 


MICHAEL J. RZASA, STANOLIND OIL AND GAS CO., TULSA; OKLAHOMA, AND DONALD L. KATZ, 


MEMBERS AIME, UNIVERSITY OF MICHIGAN, ANN ARBOR 


ABSTRACT 


With greater effort being devoted to 
the discovery of new oil and gas re- 
serves and “a consequent increase in 
bottom hole pressures due to greater 
drilling depths, the phase relationships 
of hydrocarbon fluids at pressures 
above 10,000 lb psi are becoming in- 
creasingly important. 


The present paper discusses the re- 
sults of research with a windowed cell 
on a methane-Kensol 16 system to 
pressures of 25,000 lb psi and temper- 
atures to 260°F. Kensol 16 is a com- 
mercial high narrow-boiling-range oil. 


1 References given at end of paper. 

Manuseript received at the office of the 
Petroleum Branch October 1, 1949. Paper pre- 
sented at the Petroleum Branch meeting in 
San Antonio, Texas, October 5-7, 1949. 


It is shown that for the temperature 
range of 60°F to 260°F, this particu- 
lar system exists in two phases to pres- 
sures of approximately 14,000 lb psi, 
and data are presented giving the rela- 
tive amounts of liquid and vapor phases 
coexisting under these conditions. Par- 
tial phase diagrams are shown for six 
different mixtures of methane and Ken- 
sol 16, three of which include the 
critical region. 

In contrast to mixtures composed of 
substances of fairly close volatility, 
critical opalescence was noted for as 
much as +200°F of the critical tem- 
perature. 


The critical locus of the methane- 
Kensol 16 system was estimated and 
the conventional pressure-composition 


and temperature-composition diagrams 
were prepared. From these, the equi- 
librium vaporization factors for me- 
thane and Kensol 16 were estimated 
for temperatures from 60°F to 700°F 
and to pressures above 12,000 lb psi. 

The relations of this study to petro- 
leum production problems and _ other 
phase equilibria research are discussed. 


INTRODUCTION 


A knowledge of the physical behav- 
ior of naturally-occurring hydrocarbon 
mixtures is fundamental to a thorough 
treatment of nearly all operations in- 
volved in the recovery, refining, and 
transportation of petroleum. The oper- 
ations may involve the applications of 
phase relationships, and the relative 
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TEMPERATURE, °F 


FIG. 2 — PHASE DIAGRAM 52.00 WT. PER CENT METHANE 
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FIG. 3 — VOLUME PER CENT LIQUID 49.8 WT. PER CENT METHANE 


amounts and compositions of phases 
coexisting at various pressures and 
temperatures. 

The phase relationships of pure hy- 
drocarbons are well understood. Binary 
systems containing methane have been 
studied from 60°F to 460°F and pres- 
cures: to: 10,000 Jb apsic ee ee 
No two-phase pressures in binary sys- 
tems above about 5,300 lb psi have 
been studied. Several ternary®”” and 
complex systems’’""""*"" have been 
investigated. Two-phase pressures for 


a natural gas-crude oil system up to 
10,000 Ib psi have been studied by 
Roland.” Indications that two phases 
may exist at pressures to 25,000 lb psi 
were anticipated by Katz and Single- 
terry.” However, no cases have been 
reported where two phases were ac- 
tually found to exist at pressures above 
10,000 Ib psi. 

There have been recent indications 
that oil and gas pools having formation 
pressures approaching 10,000 lb psi 
are being discovered and exploited. It 
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is entirely conceivable that reservoir 
pressures above 10,000 lb psi may hbe- 
come common in the near future, and 
it was with the idea of investigating 
phase relationships of hydrocarbon 
systems above this pressure that the 
present research was undertaken. 


EQUIPMENT AND 
MATERIALS 


The results presented in this paper 
were obtained with a high pressure 
cell containing ten windows which 
could be used for visual observations 
of phase phenomena occurring to pres- 
sures of 25,000 lb psi and temperatures 
to 300°F.” 

The methane used in the present in- 
vestigation had been furnished by the 
Phillips Petroleum Co. to Bicher for 
his study of the methane-propane vis- 
cosities.” The methane was guaranteed 
to have a minimum purity of 99.0 mol. 
per cent and was further purified by 
passing it through a train of tubes 
containing ascarite, activated charcoal, 
and granular calcium chloride. 

Kensol 16 is a commercial narrow- 
boiling-range oil, two gallons of which 
were supplied gratis by the Kendall 
Refining Co. It had an initial boiling 
point of 567°F, midpoint of 574°F, and 
an endpoint of 589°F, and an experi- 
mentally determined molecular weight 
of 246.9. 


EXPERIMENTAL RESULTS 
AND DISCUSSION 


Nineteen different compositions of 
methane-Kensol 16 mixtures were in- 
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Se eee vestigated during a series of 52 runs. 
The data obtained included densities 

=, of the entire system, saturation pres- 
GOCONE DEROCNTE ——S sures, volume per cent liquid at vari- 
LIQUID. 43 ous pressures and temperatures, and 
all accessory information on critical 
opalescence and that necessary for 
computing the compressibility factors. 
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Critical Opalescence 


Critical opalescence was observed in 


(op) 


all mixtures whose compositions varied 
between 45 and 55 weight per cent me- 
thane. Three mixtures, composed of 
15.78, 72.70, and 75.78 weight per cent 
methane respectively, did not exhibit 
critical opalescence. Kurata and Katz™ 


£ 


PRESSURE, IO® Ibs. /in® abs. 


found that this color phenomenon oc- 


curred within a temperature range of 
O 20 40 60 80 100 120 140 160 80 200 ~+-50°F of the critical temperature for 
mixtures of volatile hydrocarbons such 
; TEMPERATURE, °F as natural gas and natural gasoline. In 
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ena were definitely discernible over the 
entire range of temperatures investi- 
gated. This would indicate that the 
critical opalescence occurs over a wid- 
er temperature spread when the vola- 
tility spread between components com- 
prising the system is increased. 


As in the case of Kurata and Katz, * 
the mixtures appeared cherry-red to 
brown-red by transmitted light and 
blue-green by reflected light. Critical 
opalescence is believed to be caused 
by the association of molecules into 
tiny droplets of the liquid phase or 
bubbles of the vapor phase, which is 
about to appear." 


Phase Diagrams 


Perhaps the most reliable method of 
determining experimentally the criti- 
cal temperature and pressure of a 
hydrocarbon mixture is to plot a phase 
diagram of the constant-composition 
mixture from experimental liquid vol- 
ume per cent data. These data are first 
plotted as volume per cent liquid ver- 
sus pressure for the isotherms investi- 
gated, as shown in Fig. 1, 3, 5, 7, 9, 
and 11. Such graphs-are then cross- 
plotted to give the conventional pres- 
sure-temperature diagram showing lines 
of constant volume per cent of liquid. 
These lines are extrapolated to a com- 
mon point on the boundary curve, and 
this common point is the critical point 
of the mixture in question. 

Fig. 1, 3, 5, 7, 9, 11 show the experi- 
mental liquid volume per cent data for 
six mixtures of methane and Kensol 
16, while Fig. 2, 4, 6, 8, 10, 12 show 
these data cross-plotted to give the 
phase diagrams or the pressure-temper- 
ature projections. 
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true critical temperature of the mix- 
ture. 


Critical Properties 


Only one mixture was investigated . 
wherein the critical temperature was 
actually bracketed by the experimental 
isotherms. Limitations of the windows 
prevented the attainment of more iso- 
therms and closer bracketing of the 
true critical temperature. The above- 
mentioned mixture contained 49.80 
weight per cent, or 93.85 mol. per cent 
methane. By extrapolating the quality 
lines to a common point on the boun- 
dary curve, the critical temperature of 
this mixture was estimated as 235-++ 
5°F, the critical pressure as 10,200+ 
100 Ib psi absolute, and the critical 
density, as read from a pressure-den- 

: _ sity plot, was estimated as 0.458 grams 
GieerIO= 28-80, 40 7 80° 80 10 80 BO 100 per cubic’ centimeter. 
WEIGHT PERCENT METHANE 


108 Ibs./sq. In. abs. 


CRITICAL TEMPERATURE, °F 


CRITICAL PRESSURE, 


Two other mixtures, one containing 
52.00 weight per cent methane and the 
other 52.10 weight per cent methane, 
had their critical points close enough 
to the experimental isotherms to per- 
mit fair estimations of their critical 
points. The mixture of 52.00 weight per 
cent methane has a critical tempera- 
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Experimental determinations of bub- Table I 
ble points are quite frequently ob- Equilibrium Vaporization Factors as Computed From Fig. 15, 16 and 17 
tained from the break in the pressure- Pressure, psia Temperature, °F Equilibrium Factors 
volume curves of the particular mix- Methane Kensoleta 
ture studied. The present investigation 2000 700 1.255 0.561 
stresses the difficulty in many instances 600 1.628 2195 
of using this method in obtaining 500 1.942 0945 
bubble or dew points. Fig. 13 shows 400 2.160 0398 
experimental pressure-density _ iso- 300 2.240 0119 
therms for the mixture containing 75.74 200 9.955 000585 
weight per cent methane, the critical 100 2.258 
temperature of which was estimated to 0 2.035 
be -97°F. This mixture did not ex- 4000 600 TAG 0.605 
hibit critical opalescence, so that it can 500 1.350 1918 
be safely assumed that the actual criti- 400 1.478 0725 
cal temperature is fairly well removed 300 1.543 .0200 
from the experimental temperatures. 200 1.600 .00175 
_ Nevertheless, it can be seen from Fig. 5 meee 
lm lm 
eh pens 300 1.216 073 
determine the saturation pressure 200 1.280 0113 
graphically. A pressure decrement of 100 1.302 00252 
only a few pounds might result in com- 0 1.285 00326 
plete “skipping over” of the break in 11,000 150 1.076 0.3065 
the curve. This points out the fact that 100 1.120 1544 
the visual method is perhaps the most 0 1.152 0848 
reliable method of determining bubble 12,000 100 ee ee, 
3 i i even at 50 1.0 . 
points and upper dew points, 3 ee Se 


temperatures well removed. from the 
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ture and pressure of 55-+2°F, and 
12,670--100 lb psi absolute, respec- 
tively. The mixture of 52.10 weight per 
cent methane has an estimated critical 
temperature, pressure, and density of 
51+2°F, 12,700-+100 lb psi absolute, 
and 0.545 grams per cubic centimeter, 
respectively. 

The compositions investigated for 
critical properties were limited to a 
narrow range of weight per cent me- 
thane. It was discovered early in the 
research that the mixtures whose criti- 
cal temperatures were between 60°F 
and 260°F or within the temperature 
range of this investigation, would prob- 
ably have a composition of 50+1 
weight per cent methane. This necessi- 
tated careful preparation of mixtures 
in order to bracket the critical tem- 
peratures. 


Fig. 14 shows the critical tempera- 
tures and critical pressures of several 
binary mixtures containing methane 
plotted versus weight per cent methane. 
All the curves of critical temperature 
versus weight per cent methane exhibit 
inflection points at approximately 50 
weight per cent methane, with the in- 
flection becoming more marked as the 
molecular weight of the heavier hydro- 
carbon increases. The methane-decane 
system studied by Sage and Lacey” 
shows this inflection quite markedly. 
For a small change in composition in 
the vicinity of 50 weight per cent me- 
thane, the critical temperature of the 
methane-decane system exhibits a wide 
variation, from 217°F at 45 weight 
per cent methane to 80°F at 50 weight 
per cent methane. The same charac- 
teristics to a much greater degree were 
observed with the methane-Kensol 16 
system, where the critical temperature 
varied from 235°F at 49.8 weight per 
cent methane to 51°F at 52.1 weight 
per cent methane. The estimated criti- 
cal temperature locus for the methane- 
Kensol 16 system has been plotted in 
Fig. 14 for comparison. 


The critical temperature and pres- 
sure for methane are —116°F and 673 
Ib psi absolute, respectively. From the 
specific gravity and molecular weight 
of the Kensol 16, its critical tempera- 
ture and pressure were estimated as 
859°F and 216 lb psi, respectively, by 
the method of Smith and Watson.” 
These values served as anchor points 
in plotting the critical locus of the 
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methane-Kensol 16 system, as shown 
in Fig. 15. 


Not all the points shown in Fig. 15 
are experimental and many of them 
were obtained from the pressure-com- 
position diagram of Fig. 16, which 
shows the experimental bubble and 
dew points plotted between the tem- 
perature range of 70°F to 260°F. Thus 
the shapes of the phase diagrams of 
Fig. 15 below 70°F and above 260° are 
estimated and open to question, but 
within the above temperature range, 
the curves are believed to be accurate 
to +1.5 per cent. 
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Fig.-17 shows the conventional tem- 
perature-composition diagram for the 
methane-Kensol 16 system. Fig. 15, 
16, 17 should be, and are consistent 
with each other and constitute the con- 
ventional pressure-temperature, pres- 
sure-composition, and temperature-com- 


position plots. 


As mentioned previously and seen 
from Fig. 14, the methane-Kensol 16 
mixtures whose critical temperatures 
were between 70°F and 260°F were 
quite sensitive to composition changes. 
Fig. 18 shows the critical loci of binary 
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hydrocarbon systems containing me- 
thane. Systems through the methane- 
hexane system exhibit fairly symmetri- 
cal critical loci curves. The methane- 
decane system shows a decided shifting 
of the maximum pressure toward me- 
thane. The methane-Kensol 16 exhibits 
similar reactions with the maximum 
critical locus pressure occurring at 
very high concentrations of methane, 
of the order of 56 weight per cent, or 
95.14 mol per cent methane. Results on 
binary systems of carbon dioxide with 
propane, n-butane and n-pentane as 
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investigated by Poettmann and Katz," 
also indicate that the maximum pres- 
sure point on the critical loci: curves 
shifts more and more toward the com- 
pound of higher volatility as the spread 
between the volatilities increases. For 
instance, the maximum pressure point 
of the carbon dioxide-butane system 
occurs at a composition of about 71 
mol per cent carbon dioxide, and that 
of the carbon dioxide-pentane system at 
about 79.4 mol per cent carbon dioxide. 
Similar trends were observed in the 
carbon monoxide-propane system in- 
vestigated by Widdoes and Katz” with 
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FIG. 16 — PRESSURE-COMPOSITION DIAGRAM OF METHANE-KENSOL 16 SYSTEM 
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the maximum pressure point occurring 
at about 90 mol per cent carbon mon- 
oxide. 


The above discussion leads to a gen- 
eral conclusion: namely, that the great- 
er the spread in the volatility of com- 
pounds comprising a binary system, the 
greater will be the deviation of the 
critical locus from symmetry, and the 
more will the critical locus curve be 
shifted toward the compound of high- 
est volatility; the point of maximum 
pressure will occur at high percentages 
of the more volatile compound. 


The assumption has almost always 
been made that the critical tempera- 
ture of binary mixtures composed of 
pure substances or complex mixtures 
composed of various proportions of sep- 
arator gas and liquid, would lie be- 
tween the critical temperatures of the 
pure substances or of the separator gas 
and coexistent liquid. Recent work by 
Kilerts, et al.,* showed that it was pos- 
sible to have the critical temperature 
of a complete system below the criti- 
cal temperature of the more yolatile 
component or fraction of that system. 
If the critical locus of the methane- 
Kensol 16 system is drawn between 
the critical temperatures of methane — 
and Kensol 16, the critical locus curve 
will have a very sharp peak at about 
—50°F and it would appear more rea- 
sonable to expect that the critical locus 
curve extends below the critical tem- 
perature of methane. However, Fig. 15, 
16, 17 were drawn so that the critical 
temperatures of methane and Kensol 
16 bracketed the critical temperatures 
of mixtures. : 


Vapor-Liquid Equilibria 

One of the most convenient tools in 
estimating the physical reactions of 
hydrocarbon systems to varying condi- 
tions of pressure and temperature is 
the equilibrium vaporization factor or 
“constant” as it is frequently called. 
It is used in the computations of bub- 
ble and dew points, the relative 
amounts of liquid and vapor phases 
and the composifions of the coexistent 
phases, under varying pressures and 
temperatures. The equilibrium vapori- 
zation factor was first proposed by 
Souders, Selheimer and Brown” and is 
defined as 

K = y/x 


where 
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K = equilibrium vaporization factor 
at equilibrium pressure and 
temperature, 

y = mol fraction of component in 
vapor phase, 

x =mol fraction of component in 
liquid phase. 


Fig. 15, 16, 17 provide the means 
for computing the equilibrium vapori- 
zation factors for methane and Kensol 
16. Table I gives the computed values 
of these factors. The equilibrium fac- 
tors for methane are plotted in Fig. 19 
as a function of temperature with lines 
of constant pressure, with a similar 
plot for Kensol 16 in Fig. 20. 


A more convenient and clear method 
of presenting equilibrium factors is to 
plot the conventional log K versus log 
P charts with lines of constant tem- 
peratures, as has been done in Fig. 21 
which shows isotherms of 0°F, 100°F, 
400°F, and 600°F. 


It is seen from Fig. 21 that the equi- 
librium vaporization factors converge 
to unity at different pressures for the 
different temperatures. 


The pressures at which the factors 
converge to unity are called conver- 
gence pressures. It has been recognized 
that the convergence pressure is the 
critical pressure of the particular bi- 
nary system which has its critical tem- 
perature at the temperature in ques- 
tion. For a binary system, therefore, 
the critical locus is the locus of the 
convergence pressures. 


The equilibrium vaporization factor 
for a component in a binary system is 
fixed by specifying the temperature, 
pressure, and the particular binary 
system. It is also fixed by specifying 
the temperature, pressure, and con- 
vergence pressure at that temperature, 
in place of specifying the particular 
binary system. 

Fig. 21 also shows how the factors 
for methane at 0°F cross the factors 
at 100°F and 400°F at successively 
lower pressures. This fact can also be 
seen from Fig. 19 which shows how 
the factors for methane rise at first 
~ with increase in temperature and then 
decrease to unity as the critical pres- 
sure, or convergence pressure, is 
reached. 

In order to show the effect of con- 
vergence pressure on the equivalent 
vaporization factors for methane, Han- 
son, Rzasa and Brown” have presented 
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a correlation based on binary paraffin 
systems, which was applied to the me- 
thane factors in the methane-Kensol 16 
system. At all equilibrium pressures 
below about 4,000 lb psi absolute, the 
factors for methane are lower in the 
methane-Kensol 16 system than in the 
methane-decane system. Two possible 
explanations of this phenomenon may 
be advanced. First, the correlation pre- 
sented by Hanson, Rzasa and Brown” 
applied to paraffin systems entirely, 
while in the present case the Kensol 16 
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is composed of only 64-66 per cent 
paraffins. Secondly, the peculiar shapes 
of the phase diagrams and critical 
locus of the methane-Kensol 16 sys- 
tem, with an extremely rapid shifting 
of the critical temperature with small 
changes in composition, may account 
for this decrease in the equilibrium fac- 
tor. The same thing would be true if 
the factors for methane were correlated 
as a function of the molecular weight 
of the heavier constituent. The molecu- 
lar weights of n-decane and Kensol 16 
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are 142.3 and 246.9, respectively, but 
the methane factors in the methane- 
Kensol 16 system are lower than they 
are in the methane-decane system. 
These observations are consistent with 
the results presented by Sage and 
Lacey.“ | 


RELATIONS OF PRESENT 
WORK TO PETROLEUM 
PROBLEMS 


Perhaps the most significant contri- 
bution of the present research to our 
knowledge of the physical reactions 
and phase behavior of petroleum fluids 
is the fact that two phases can coexist 
at pressures of 13,000 lb psi and above. 
As our search for oil continues, drill- 
ing depths will increase. Qualitatively, 
with increased depths we can expect to 
find oil pools with fluids containing 


of two phases and operating techniques 
will be forced to take cognizance of 
that possibility. Heretofore it has been 
the general concensus that great well 
depths, of the order of 12,000 to 15,000 
ft, would result in such high bottom 
hole pressures that the reservoir fluid 
would be expected to exist in the single 
phase. That this assumption may be 
invalid can be readily ascertained from 
the critical locus of the methane-Ken- 
sol 16. system. 


Increase in drilling depths with con- 
sequent increase in bottom hole pres- 
sures will necessitate the study of phase 
relationships in. the high pressure 
range, i.e., above 10,000 Ib psi, and 
the present results are a step in that 
direction. 


CONCLUSIONS 
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The following have been accom- 
plished: 

1. Phase diagrams for six mixtures 
of methane and Kensol 16 were ex- 


more methane than that feund in shal- 
low wells. In that event, the control 
and production of these reservoirs may 
be complicated by the possible presence 
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perimentally determined to pressures 
above 13,000 lb psi. 

2. The coexistence of liquid and va- 
por phases above 10,000 lb psi was 
demonstrated. 

3. The critical points of three me- 
thane-Kensol 16 mixtures were deter- 
mined as follows: 


Composition Te, °F Pe, psia pe £m/cc 
49.30 wt. % methane 235 10,200 0.458 
52.00 wt. % methane 55 12,670 
52.10 wt % methane 651 12,700 0.545 


4, A critical locus of the methane- 
Kensol 16 system was prepared from 
the experimental data. 


5. The equilibrium vaporization fac- 
tors for methane and Kensol 16 were 
estimated from the experimental data 
and extrapolated to 700°F. 


6. The conclusion was reached that, 
for binary systems the influence of 
wide differences in volatility is such 
that the maximum pressure on the crit- 
ical locus is shifted toward the com- 
pound of highest volatility, with the 
shift becoming more pronounced as 
the volatility spread increases. 


7. For mixtures of wide-spread vola- 
tility it is very difficult, if not impos- 
sible, to determine the: saturation pres- 
sures by the conventional pressure-vol- 
_ ume curves, even at conditions well re- 
moved from the critical point. Visual 
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means appear to be the most reliable 
method of determining these transition 
points. 
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SELECTIVE SP LOGGING 


H. G. DOLL, MEMBER AIME, SCHLUMBERGER WELL SURVEYING CORP., RIDGEFIELD, CONNECTICUT 


ABSTRACT 


An earlier paper on the general sub- 
ject of the SP log has analyzed the 
limitations of that log, in particular 
when dealing with thin permeable beds 
enclosed in thick highly resistive ones. 
Under such conditions, the SP log does 
not give a good definition of the per- 
meable beds. 


Selective SP logging is a new meth- 
od which gives an accurate determina- 
tion of the permeable beds, even in 
highly resistive formations, except when 
the salinity of the mud is extremely 
high. It also permits a close approxi- 
mation of the static SP to be obtained. 


The method consists generally in 
controlling the potential of auxiliary 
electrodes located in the drill holes in 
the vicinity of the measuring electrode. 
In this manner, the flow of SP current 
along the drill hole is modified to 
counterbalance the effect of highly re- 
sistive strata. 


Several procedures and arrangements 


1 References given at end of the paper. 

Manuscript received at the office of the Pe- 
troleum Branch October 24, 1949. Paper pre- 
sented at the Petroleum Branch meeting in 
Columbus, September 25-28, 1949, and at the 
San Antonio meeting of the Petroleum Branch, 
October 5-7, 1949. 
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used to record selective SP curves and 
static SP curves are explained. 


Field examples illustrating these 
methods are given and discussed. 


INTRODUCTION 


In an earlier paper,’ the shape of the 
SP curves and the amplitude of the 
SP peaks were analyzed, considering 
how the circulation of the SP current 
is influenced by the subsurface media 
as a function of their geometrical con- 
figuration and their resistivities. It was 
shown, in particular, that the perme- 
able beds situated between highly re- 
sistive formations are sometimes in- 
distinctly indicated by the deflections 
of the SP log. 


It is the purpose of this paper to 
discuss a new method now being devel- 
oped, namely selective SP logging, 
whose principal feature is to enable a 
more accurate determination of the 
depths of the permeable beds present 
in highly resistive formations, such as 
occur in limestone fields. 


It will be shown also how an addi- 
t'onal curve called the static SP log can 
be derived from the selective SP log, 
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or recorded directly, to facilitate the 
mterpretation. 


Another purpose of the static SP log 
is to provide an approach toward the 
determination of the value of the static 
SP, where this value is not readily 
given by the SP log. This application, 
although less important at the present 
time than that mentioned above, never- 
theless is of interest, inasmuch as, ac- 
cording to laboratory and field experi- 
ments conducted by several investiga- 
tors, the determination of oil saturation 
of reservoirs from the data of the elec- - 
tric log implies the knowledge of the 
resistivity of the connate water,’* to 
which the static SP seems to be 
related." 


PRINCIPLE OF SELECTIVE 
SP LOGGING 


The method of selective SP logging 
of the formations traversed by a bore 
hole consists in recording two curves 
under the following conditions: 


The measuring device comprises one 
measuring electrode M and two addi- 
tional electrodes G-G’, connected to 
each other, located above and below 
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electrode M and preferably symmet- 
rical with respect to M (Fig. 1). The 
distance between G-G’ is taken equal 
to a few feet. As the device is moved 
along the bore hole, the average of the 
potentials at electrodes G and G’ is 
maintained at a constant value, and the 
difference between the potential at M 
and the average of the potentials at 
G and G’ is continuously recorded. 
With this device, two curves are re- 
corded corresponding respectively to 
two different values of the potential at 
G-G’,* suitably chosen, as will be dis- 
cussed below. 


When recording each of the curves, 
the potential at G-G’ is controlled by 
means of two other electrodes A-A’, 
also connected to each other and situ- 
ated outside of and respectively very 
close to G-G’. A current whose inten- 
sity is adjusted, for example, by means 
of a potentiometric circuit (1), is fed 
to A-A’ from the surface through one 
of the conductors of the cable. The 
intensity of this current is controlled so 
as to keep the potential at G-G’ at a 
selected constant value. This current 
is called the monitoring current. 


The electrodes G-G’ are connected 
to a reference electrode (3) at the sur- 
face by a second conductor, through a 
meter (2) which is used for controlling 
the potential at G-G’. Electrode M is 
also connected through a third con- 
ductor to the surface where a meter 
(4) permits the recording of the dif- 
ference of potential between M and 
G-G’. The internal resistances of the 
meters (2) and (4) are great enough 
so that the measuring circuits do not 
interfere with each other, nor with 
the distribution of the potentials pre- 
vailing around the electrode system. 
These resistances are represented on 
the drawing by separate conventional 
symbols. 


Remark—tThe potential at an elec- 
trode designates the potential prevail- 
ing in the mud around that electrode. 
In fact, however, the meters are con- 
nected to the metal of the electrodes so 
that the potentials which are recorded 
or controlled by the meters are the 


*In order to simplify the wording, the aver- 
age of the potentials at electrodes G and G’ 
will be designated for short as “the potential 
at G-G’”’ throughout this paper. 
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FIG. 1 — THEORETICAL CIRCUIT FOR THE 
SELECTIVE SP LOGGING. 


potentials in the mud plus the contact 
potentials between the mud and the 
metal. It is, therefore, desirable that 
the contact potentials of the electrodes 
M, G and G’ with respect to mud be 
equal and stable so that these contact 
potentials cancel out when the differ- 
ence of the potentials between M and 
G-G’ is recorded. It is also desirable 
that the surface electrode (3) be stable, 
since the potential at G-G’, which must 
be kept constant, is referred to this 
electrode. 


Yyyyy 
a 


FIG. 2 — ELECTRODE SYSTEM OPPOSITE A 
THICK SHALE BED. 
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Analysis of the Procedure 


A thick homogeneous, conductive, 
and impervious bed, such as a shale of 
low resistivity, is supposed to overlie a 
thick, highly resistive formation such 
as compact limestone, including perme- 
able and impervious conductive beds. 
It is further supposed that the static 
SP’s are the same respectively for all 
the shales and for all the permeable 
beds.t 


Two cases will be examined, accord- 
ing to whether -the potential at G-G’ is 
brought to a value equal to the static 
SP of the shales V., or to the static 
SP of the permeable beds V,. These 
two cases correspond respectively to the 
two curves which constitute the selec- 
tive SP log. 


Selective SP Curve No. 1— The 
Potential at G-G’ Is Kept Equal 
to the Static SP of Shales 


The device is placed in front of the 
thick shale bed at appreciable distance 
from its boundaries (Fig. 2) and no 
current is sent through A-A’. As the 
bed is thick and homogeneous the po- 
tential at G-G’ is equal to the static 
SP of shales: this potential is noted on 
the meter (2). On the other hand, the 
potential being constant in the mud in 
front of the shale bed, the difference of 
potential between M and G-G’, that is 
the selective SP, is equal to zero. 


The device is then lowered while the 
potential of G-G’ is maintained con- 
stantly equal to the static SP of shales 
by means of the monitoring current. 


The following circumstances are ob- 
served, depending on the formations 
successively traversed by the electrode 
system: 


(a) When the device enters the 
highly resistive compact formation 
(Fig. 3), the potential at G-G’ tends 
to become negative with respect to the 
static SP of shale, as an effect of the 
flow of the original SP current prevail- 
ing in the mud column. A monitoring 
current of appropriate intensity and 
sign has, therefore, to be fed to A-A’ 
so as to keep that potential at G-G’ 
equal to the static SP of shale. 


i The static SP of a bed is the value of the 
potential which would be ebserved in the mud 
in front of this bed, in the ideal case where 
the SP current is prevented from flowing. Fur- 
ther explanations in this respect are given in 
reference 1. 
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With the monitoring current in oper- 
ation, the current flows as shown sche- 
matically on the figure. No current can 
flow in the bore hole between G and 
the shale, since the potentials at G and 
in front of the shale are equal. Above 
electrode A, therefore, the current 
flows entirely in the conductor of the 
cable connecting electrode (5) to elec- 
trode A. From A to A’, the current 
flows in the low resistance conductor 
which connects them to each other. 
From A’ downward to the permeable 
bed, the current flows in the mud col- 
umn. The current penetrates into the 
_ permeable bed to a great distance un- 
til sufficiently large cross sections are 
offered by the surrounding formations. 
From there on it flows toward the sur- 
face of the ground and reaches the sur- 
face of electrode (5). 


The intensity of the monitoring cur- 
“rent is such that the potential at G-G’ 
is maintained constant. The ohmic drop 
of potential due to the circulation of 
the current along the bore hole from 
G’ to the level of the permeable bed 
and along the permeable bed to surface 
electrode (5), minus the emf’s occur- 
ring between G’ and electrode (5), is 
therefore constant. As the device goes 
down through the highly resistive for- 
mation, the total emf remains practi- 
cally constant, whereas the path of the 
current along the bore hole becomes 
shorter and the total resistance offered 
to the current decreases. The intensity 
of the monitoring current, consequent- 
ly, increases progressively. 


The potentials at M and G-G’ re- 
main equal, however, whatever the in- 
tensity of the current, since there is no 
possible exchange of current between 
‘the mud and the surrounding forma- 
tions, which are supposed practically 
infinitely resistive, and the signal re- 
corded remains equal to zero. — 


_-(b) When the device reaches the 
level of a thin permeable bed, and 
when electrode G’, for example, crosses 
the bed as shown in Fig. 4, a part of 
the current flows from A into the bore 
hole towards the bed, and another part 
goes directly down to A’, and from A’ 
into the bed. The potential at M is 
thus smaller than at G-G’ because of 
the ohmic drop of potential in the bore 
hole, and a negative signal is recorded. 
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FIG. 3 — ELECTRODE SYSTEM OPPOSITE 
HIGHLY RESISTIVE FORMATION. 


The boundaries of the recorded peak 
are situated at a distance from the 


, 


boundaries of the layer equal to 


the width of the deflection is therefore 
equal to the thickness of the bed plus 
G-G’, ie., plus approximately the over- 
all length of the device. Moreover, it 
can be demonstrated that in the case 
of a thin bed, enclozed in highly re- 
sistive formations, the peak has a tri- 


es 


FIG. 4 — ELECTRODE SYSTEM OPPOSITE A 
THIN PERMEABLE BED COMPRISED BETWEEN 
HIGHLY RESISTIVE FORMATIONS. 
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angular shape, the apex of the triangle 
being located in the center plane of the 


bed. 


(c) When the device is opposite a 
thick permeable bed, a plateau is ob- 
tained and the width of the deflection is 
still equal to the bed thickness plus the 
over-all spacing. 


(d) When the device is opposite a 
thin shale bed encased between highly 
resistive formations, the potential in 
the mud, around G-G’, is made equal 
to the static SP of shales. By defini- 
tion, this static SP is the potential 
which would be observed in the mud 
at the level of the shale bed, if the SP 
current were prevented from flowing. 
If any current flowed along the shale 
bed and the hole close to the bed, the 
potential at G-G’ could not be, there- 
fore, equal to the static SP of the 
shales. The fact that the potential of 
G-G’ is equal to the static SP of shale 
implies, therefore, that no current flows 


in the thin shale bed. 


Consequently, there is no ohmic po- 
tential drop in the mud, between G-G’ 
and M, and the potential at M is equal 
to the potential at G-G’, so that the 
selective SP meter reads zero potential. 


Selective SP Curve No. 2 — The 
Potential at G-G’ Is Equal to 
the Static SP of Permeable Beds 


The reasoning is quite similar to 
that of the preceding case, and sym- 
metrical results are obtained. 


The selective SP log gives zero read- 
ings in front of highly resistive forma- 
tions and permeable beds. Deflections 
toward the positive sides are observed 
opposite shale beds. The width of each 
anomaly is also equal to the bed thick- 
ness plus G-G’, and the shape of the 
peaks, in front of thin shale beds, is 


triangular. 


Conclusion—This analysis shows that 
the method of the selective SP logging 
can give the exact location of the con- 
ductive streaks interbedded with high- 
ly resistive formations, and can dis- 
tinguish between shales and permeable 
streaks. 
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In the usual case where the SP in 
front of permeable beds is negative 
with respect to the SP in front of 
shales, the following pattern is ob- 
served, where U designates the poten- 
tial maintained at electrodes G-G’: 


1. If the potential U is kept equal 
to the static SP of the shales, the 
curve recorded stays on the zero line 
in front of the shales and the highly 
resistive compact formations, and shows 
sharp peaks toward the negative side 
in front of the permeable beds. 


2. If the potential U is kept equal 
to the static SP of the permeable beds. 
the curve recorded stays on the zero 
line in front of the permeable beds and 
the highly resistive formations, and 
shows sharp peaks toward the positive 
side in front of the shale beds. 


This is illustrated in Fig. 5 which 
shows a schematic cross section, com- 
prising shale beds C, and C;, hard 
formations H., H,, H, and permeable 
beds P; and P,. The conventional SP 
log and the selective SP curves re- 
corded for U equal to static SP of shale 
(V.) and for U equal to static SP of 
permeable beds (V,) are also repre- 
sented on the chart. 


The pattern would be reversed, of 
course, in the rather exceptional case 
when the SP in front of permeable beds 
is positive with respect to the SP in 
front of shale, which occurs ordinarily 
when the salinity of the mud is higher 
than that of the connate water. 


Quantitative Data 


l. The magnitude of the peak ob- 
tained opposite a thin conductive hed, 
encased between hard formations, can 
be approximately computed through a 
simple reasoning. 


Referring to Fig. 6-A, the device is 
shown centered with respect to a thin 
permeable bed, encased between highly 
resistive formations. 


With the hole diameter and the thick- 
ness of the bed being supposed small 
with respect to A-A’, the resistances in 
the current path may be considered 
equivalent to linear 
shown in Fig. 6-B. 


resistances as 
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SP LOG 
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FIG. 5 — SCHEMATIC REPRESENTATION OF SP AND SELECTIVE SP CURVES OPPOSITE 
CONDUCTIVE BEDS AND HIGHLY RESISTIVE FORMATIONS. 


It is further assumed that the poten- 
tial at G-G’ is kept equal to the static 
SP of shale. 


Let V’ be the potential prevailing at 
some point N located at a great dis- 
tance from the bore hole. 


Further, let V. and V, be the static 
SP of shales and of permeable 
beds respectively. 


R, be the resistance between G 
and M, or G’ and M, along the 
bore hole. 


R, be the resistance from the wall 
of the hole to N through the per- 
meable bed and its surrounding 
formations. 


>> 


forces occurring between the mud 
in front of the bed and N, and 
represented on Fig. 6-B by the con- 
ventional symbol of a battery. 

i the intensity of the current cir- 
culating in the permeable bed. 


The difference of the potentials be- 
tween the mud around G-G’ and N 
is equal to the ohmic drop of potential 
due to the circulation of the current in 
the mud and in the bed, minus the 
total of the emf occurring along its 
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= the sum of the electromotive 


path, which can be expressed through 
the equation: 


V.-V=i( +R) -2 ao) 


If the current were prevented from 
flowing, the potential of the mud in 
front of the permeable bed would, by 
definition, be equal to the static SP 
of the permeable bed (V,) and rela- 
tion (1) would reduce to: 


Vip NSS Bete re Serena) 
Combining (1) and (2), 


R, 
V,-V.= -i(S+r) 


The difference of potentials between 
M and G-G’ is equal and of opposite 
sign to the ohmic drop of the current 
in the same interval, namely: 


The deflection AV of the selective SP 
curve is, therefore, given by the fol- 
lowing expression: 
AV; = Bette (V,-V.) see 
2 ZR 
(3) 
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FIG. 6 — SCHEMATIC DISTRIBUTION OF THE CURRENT AT THE LEVEL OF A THIN 
PERMEABLE BED AND EQUIVALENT LINEAR RESISTANCE NETWORK. 


Quite a similar reasoning would show 
that if the potential at G-G’ is taken 
equal to the static SP of permeable 
beds, the selective SP in front of thin 
shale beds, situated within highly re- 
sistive strata, is given by: 

R, 


eV Vi) a 
eae yOR SR. 


The following conclusions ‘can be 


“deduced: 


(a) The deflections of the selective 
SP log are proportional to the magni- 
tude of the static SP of permeable beds 
with respect to that of shales, or vice 
versa. | 


(b) R, is proportional to the spac- 
ing, and to the mud resistivity, and is 
inversely proportional to the sectional 
area of the hole. 


Consequently, it might seem advis- 
able to take G-G’ as great as possible 
so as to obtain the best possible con- 
trast. But the spacing cannot, however, 
be exaggerated, lest the width of the 
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peak be too large, and permeable beds 
at short distances from one another be 
not clearly separated. A spacing be- 
tween G and G’ of sixty to eighty 
inches has been found satisfactory for 
field practice. 


In the case where the salinity of the 
mud is very high, R, is very small 
and the peaks of selective SP become 
also very small. 


(c) R, has been calculated with 
good enough approximation. Using the 
following notations: 


e is the thickness of the bed 
d is the diameter of the hole 
R, is the resistivity of the bed 
R, is the resistivity of the adjacent 
formation 
the value of R, is given by the formula: 
Rie 
Ry = a — 
d 


the coefficient « of which is given in 
the table below as a function of e, d. 


R, and R,. 
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Computed example — Fig. 7 shows a 
schematic sequence of thick shales C,, 
C,, thick and resistive strata H., H,, H, 
and thin permeable beds P; and P,. 
The selective SP curve has been com- 
puted for the case of the potential at 
G-G’ being equal to the static SP of 
shales. The conventional SP curve has 
been also approximately computed and 
is traced on the chart for comparison. 


CASE WHEN ALL THE PER- 
MEABLE BEDS AND ALL 
THE SHALES DO NOT HAVE 
RESPECTIVELY THE SAME 
STATIC SP’s 


It often occurs that the static SP’s 
of the permeable beds encountered in 
a bore hole are not the same. For ex- 
ample, the salinities of the interstitial 
waters may be different, so that the 
total SP emf’s and, consequently, the 
static SP’s, are different. Also, some 
permeable beds may contain an appre- 
ciable amount of shaly material, and 
show a pseudo-static SP, which is less 
than the static SP of permeable beds 


having the same connate water but a 


negligible content of shale.’ 


It also happens, although much less 
frequently, that different shale beds 
show different values of static SP. 


In practice, two potentials U, and U.. 
which are kept constant at electrodes 
G-G’ for the recording of the two 
curves, are preferably selected so that 
U, is equal to the most positive of 
the static SP’s of shales, and U, to the 
most negative of the static SP’s of per- 
meable beds. 


Let V. and V, now be respectively 
the most positive and the most nega- 
tive static SP’s in the section under 
investigation, and V., an intermediate 
value of the static SP, related, for in- 
stance, to shaly permeable beds. The 
deflections of the selective SP curves 
in front of these last beds will be re- 
(Ves Ve) 


spectively proportional to 
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and to (V.,—V,) according to whether 
U is chosen equal to V, or to V,. The 
peak recorded is towards the negative 
side of the log in the first case, and 
towards the positive side in the second 
case. 


Under these conditions, if it is sup- 
posed that all the conductive beds have 
approximately the same thickness and 
the same resistivity, the selective SP 
log will have the following features, on 
the average: 


(1) Selective SP Curve No. 1—With 
U, being equal to V., that is, to the 
most positive of the static SP’s, all per- 
meable beds will give negative peaks, 
the greatest peaks being observed in 
front of the beds where the static SP 
is the most negative. Permeable beds 
with formation water of lower salinity, 
or with shale content, i.e., with a less 
negative static SP, will give smaller 
deflections. In general, all the shale 
beds will correspond to zero reading, 
because the static SP’s of shales are 
practically equal. Quite exceptionally, 
however, some shale beds, whose static 
SP is less than V. can give a negative 
deflection. 


(2) Selective SP Curve No. 2—With 
U, being equal to V,, that is, to the 
most negative of the static SP’s, all 
shales will give positive peaks. The 
permeable beds, whose static SP is 
equal to V, will correspond to zero 
reading, and the permeable beds, with 
a static SP less negative than V,, will 
show positive peaks, but of lesser mag- 
nitude than shales. 


REMARK REGARDING THE 
ADJUSTMENT OF THE 
POTENTIALS U; AND U, 


It is not always possible to find 
among the formations to be investigated 
thick enough shale beds or permeable 
beds such that the static SP of each 
can be accurately determined from the 
conventional SP log. It is, nevertheless, 
possible to determine the desired val- 
ues for the potentials U, and U, by 
locating the device successively in front 
of a thin shale and of a thin permeable 
bed, provided, however, that each of 
these beds be comprised between high- 
ly resistive formations. The monitoring 
current is then adjusted in each case 
so as to bring the reading of the poten- 


134 


SELECTIVE SP LOGGING 


S.P. CURVE 


eeepc, 


S.P CURVE 
(U= St. S.P OF shave 


Jp : 
BGS era Ee 


| 
| 
| 
| 
40d 
He 
Rg=4000Rm 


- 


| 
Static SP 
of Permeable Beds 


| 
| 

| 

| 

| 
TE Za p 
5 eee 
| 
LHe 
) 


2 


M d 
ie Rs=4000Rm | 
“ | 


SEGA Pa 


| 

| 

| 

| 

| 
40d 


we 
R= 4000 Rp, 
| 
| 
| 
| 
A 
S 
ve Ys a 
Ve 
R=Rm 
Static S.P 
of Shales 


FIG. 7 — COMPUTED SP CURVE AND SELECTIVE SP CURVE OPPOSITE CONDUCTIVE 
BEDS AND HIGHLY RESISTIVE FORMATIONS. 


tial difference between. M and G-G’ 
equal to zero. The potential at G-G’ 
is thus brought to a value equal to the 
static SP in front of the selected bed 
and can thereafter be maintained by 
monitoring at the value thus deter- 
mined. 


Such an adjustment, however, is not 
always easy to carry out because thin 
shale beds or thin permeable beds do 
not always appear clearly on the con- 
ventional logs. It results that, in prac- 
tice, the values chosen for U, and U, 
are sometimes not exactly as_ they 


should be. 
If it is supposed, for example, that 
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U, is taken greater than V., and U, 
lower than V,, both shales and perme- 
able beds will give negative peaks on 
the first curve, and positive peaks on 
the second one. The distinction between 
shales and permeable beds by direct 
reading of the selective SP curves be- 
comes difficult in this case. 


Fortunately, it is always possible to 
deduce accurate conclusions from the 
selective SP logs, even if U, and 18) 
were not suitably adjusted, by means of 
a simple computation method by which 
a static SP log can be derived from 
the selective SP curves, as explained 
hereafter. 
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COMPUTATION OF THE 
STATIC SP LOG FROM THE 
CURVES OF SELECTIVE SP 


The above formulae (3) and (4) 
can be easily generalized. It can be 
shown that the magnitude of the de- 
flection of a selective SP curve in front 
of a thin conductive bed enclosed in 
highly resistive formations is given by: 

ZV Ree erst (5.) 

2Reste Re 

where V is the static SP of the bed 
and U the potential maintained at G-G’, 
both being related to the same refer- 
ence potential. It appears from this 
equation that, as already stated, when 
AV is equal to zero, in front of a con- 
ductive bed, the potential at G-G’ is 
equal to the static SP of the bed. 


Supposing now that U, and U, are 
the two potentials at G-G’ during the 
recording of two selective SP curves 
No. 1 and No. 2, and that AV, and 
AV, are the corresponding values of 
the selective SP, it follows: 


R, 
Ve Ve) 
Br A gp 
Ve=(V--U:) te 
atrS * OR, + R, 


Rt 


Rm 
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hence 
Vv, 
Ve Ul (et) 
AN; x AV, 
If U,, for example, is arbitrarily 
taken as reference potential, the equa- 
tion simplifies as follows: 


V; 
Ves ana 
AV, - AV; 


This equation shows that the value 
of the static SP can be deduced, at 
each depth, by a very simple propor- 
tionality rule, using the two curves of 
the selective SP log. 


It is worthwhile to stress that the 
values computed for V are independent 
of the respective values of U, and U:. 
In other words, the static SP can be 
computed even when the values U, and 
and U, have been so poorly chosen that 
the selective SP log is difficult to read 
directly. 


The values of V, plotted in terms 
of depth, enable one to trace a curve 
which is the “static SP log.” This curve 
can also be directly recorded, by means 
of a proper arrangement of the cir- 
cuit. The explanation of this process 
is given in a later section. 
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FIG. 8 — COMPUTED SP CURVE, SELECTIVE SP CURVE AND STATIC SP CURVE OPPOSITE 
A SEQUENCE OF CONDUCTIVE IMPERVIOUS AND PERMEABLE BEDS. 
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ESSENTIAL FEATURES OF 
THE STATIC SP CURVE 


(a) In the general case, where the 
connate water of the permeable beds is 
more saline than the mud, the static 
SP log shows deflections towards the 
negative side in front of permeable 
formations, and deflections towards the 
positive side in front of shales. The 
indications are reversed in the excep- 
tional case when the mud is more sa- 
line than the formation waters. An 
accurate record of the conductive beds 
inside highly resistive formations is 
obtained, and the distinction between 
permeable beds and shales is improved, 
even when the interpretation of the 
selective SP log is not easy at first 
glance. 


(b) When the conductive beds un- 
der investigation are encased within 
compact formations, the amplitude of 
the deflections of the static SP log 
gives the true value of the static SP 
of these formations. 


This second result, however, is not 
always completely obtained in prac- 
tice. As shown above, the amplitude of 
the deflections of the selective SP is 
inversely proportional to the average 
resistivity of the formations surround- 
ing the electrode system. When this 
resistivity is high, which often occurs, 
the deflections of the selective SP 
curves are very small and the smaller 
the deflections, the greater the graphi- 
cal relative error in their determina- 
tion. The value of the static SP de- 
duced from the proportionality rule 
may, therefore, not be absolutely accu- 
rate in that case. The error is still 
greater if a certain drift occurred in 
the zero line as a consequence of the 
instability of the electrodes. 


DIRECT RECORDING OF THE 
STATIC SP LOG 


If the electrode system is placed in 
front of a thin conductive bed, in- 
cluded within highly resistive forma- 
tions and if no current is sent through 
A-A’, a certain difference of potential 
occurs between M and G-G’. The po- 
tential at M, for example, is negative 
with respect to the potential at G-C’. 
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If a current is sent through A-A’, such 
that the potentials at M and G-G’ are 
made more negative, the potential at 
M is less modified than the potential 
at G-G’. The potential difference be- 
tween M and G-G’ decreases, and the 
current can be adjusted until this dif- 
ference becomes equal to zero. At this 
moment, both M and G-G’ are brought 
to the same negative potential which is 
equal to the static SP of the bed. The 
same process would take place, of 
course, if the original potential at M, 
before sending any current, were posi- 
tive with respect to the potential at 
G-G’. 


If the device is located opposite a 
thick conductive bed, the potentials at 
M and G-G’ are, evidently, both equal 
to the static SP of the bed, without 
any current being sent through A-A’. 


The procedure for the recording of 
the static SP, therefore, consists in 
adjusting the monitoring current so 
that the potential difference between 
M and G-G’ be kept equal to zero when 
the electrode device is moved along 
the hole, and in recording the common 
potential at M and G-G’ versus depth. 


This procedure is theoretically strict- 
ly equivalent to that which consists in 
deriving the static SP log from the 
selective SP curves by means of the 
proportionality rule, as already ex- 
plained. In practice, however, and in- 
asmuch as the techniques of applica- 
tion are different for each of these pro- 
cedures, the errors in the values ob- 
tained for the static SP are not always 
the same, and some discrepancies may 
be observed between the recorded and 
computed static SP logs. 


CASE OF PERMEABLE BEDS 
SITUATED BETWEEN CON- 
DUCTIVE FORMATIONS 


The application of the new method 
has been described so far only for the 
case of conductive streaks interbedded 
in highly resistive formations. In the 
case of moderately resistive formations, 
such as sequences of shales and sands 
and, more generally, in the case of per- 
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meable beds bounded by. conductive 
formations, the characteristics of the 
selective SP log and of the static SP 
log are somewhat different. The essen- 
tial features of the logs in this case 
are reviewed below: 


1. The selective SP and the static 
SP logs, on the average, show sharper 
breaks at the level of the boundaries of 
the beds than the conventional SP log. 
In Fig. 8 are shown, as an example, 
the conventional SP curve, the selec- 
tive SP curve for U equal to the static 
SP of shales, and the static SP curve, 
computed for the case of two campara- 
tively thin permeable beds, located 
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within conductive forma- 


tions. 


impervious 


As shown on the figure, the thickness 
of each permeable bed is equal to 4 
times the hole diameter, that is about 
3’- 4’, and the over-all spacing is equal 
to 9 times the hole diameter, that is 
about 7’- 9’. The resistivity of the per- 
meable bed has been taken equal to 
that of the surrounding formations. 
because this condition is’ one of the 
few for which mathematical computa- 
tions are possible. 


2. The ability of the new methods 
to locate thin beds depends on the 
electrode spacing. If the individual bed 
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FIG. 10 — SCHEMATIC RERESENTATION Of THE ACTUAL CIRCUIT USED FOR 


RECORDING THE SELECTIVE SP. 


thickness in a sequence of permeable 
and impervious layers is such that too 
many of them are included within the 
over-all spacing, it is difficult to dif- 
ferentiate these layers. If the beds are 
-yery thin, only one average deflection 
is obtained and, therefore, the shortest 
possible spacings seem desirable. 


Too short a spacing, however, may 
give too small deflections of the selec- 
tive SP curves in front of the different 
layers, because the influence of the 
mud is too great. As for the static SP 
log, it would be theoretically possible 
to decrease the spacing so that the 
thinnest individual layers could be dif- 
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ferentiated, but the disturbing effect 
due to. zero instability of the equipment 
is substantially increased for short 
spacings. In practice, therefore, the 
electrode spacing should not be re- 
duced under certain limits, lest inad- 
missible errors be introduced into the 
measurements. An average spacing, 
consequently, is applied, which is be- 


tween 60 and 80 inches. 


3. The magnitude of the deflections 
of the static SP log is a function of the 
spacing, of the geometrical configura- 
tion and of the resistivities of the media 
surrounding the electrodes. 
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sharp depressions 
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4. For very thick permeable beds, 
the magnitude of the deflections of the 
static SP log from the shale line, gives 
the static SP with respect to that of 
shales, as is also the case with the 
regular SP log. A difference between 
the magnitude of the deflections and 
the true value of the static SP begins 
to appear for comparatively small val- 
ues of the bed thickness. But, as a 
rule, this difference is always less than 
the difference observed from the regu- 
lar SP log, all other conditions being 
the same. 


This result is illustrated by Fig. 9, 
which shows the conventional SP curve, 
the selective SP curve for a monitoring 
potential U equal to the static SP of 
shales, and permeable beds of different 
thicknesses (e) ranging from 2 hole 
diameters (2d) to 16 hole diameters 
(16d). The beds are supposed included 
between impervious formations of same 
resistivity, equal to 21 times that of 


the mud. 


In the present example, if the shale 
line is taken as the reference line, it 
appears that the deflection of the static 
SP log is almost equal to the true 
value of the static SP of the permeable 
beds for e equal to 2d, whereas the 
conventional SP curve gives a much 
smaller deflection. For e equal to 4d 
and to 8d, the deflection of the static 
SP log becomes greater than the true 
static SP, whereas the conventional SP 
deflection is smaller. For e equal to 
16d, the shape of the static SP curve 
is more complicated. Instead of one 
single peak, the curve shows a central 
depression bounded by two symmetri- 
cal peaks (a) respectively below and 
above the upper and the lower boun- 
dary. The magnitude of the deflection 
at the level of the depression is ap- 
proximately equal to the static SP. 


A similar shape would be obtained 
for thicker layers; the curve would 
show a plateau corresponding to the 
true static SP, and two accessory peaks 
would occur at both boundaries of the 


bed. 


It should also be mentioned that 
(b) are observed 
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slightly above and below the boun- 
daries of the beds, whatever the thick- 
ness of the bed. 


These accessory peaks and depres- 
sions, such as (a) and (b), appear on 
the log when the electrode device 
crosses the boundaries between two 
different beds, and, for that reason, 
are designated under the general term 


of boundary effects. 


APPLICATION OF THE 
STATIC SP LOG 


Besides its application for the loca- 
tion of the boundaries of permeable 
beds inside highly resistive formations, 
the static SP log can be used for a 
closer determination of the true value 
of the static SP, wherever the conven- 
tion Sp log fails to give it with close 
enough approximation, as, in particu- 
lar, in the case of thin beds. This last 
feature is because the 
static SP of permeable beds is one of 
the elements used for the tentative 
evaluation of the saturation of reser- 


interesting, 


voirs, as already mentioned in the in- 
troduction of the present paper. 


It should be recalled that the static 
SP is a sum of emf’s which are a func- 
tion of different characteristics of the 
strata, such as salinity of the connate 
water, for example, but which are by 
no means connected directly with the 
value of the permeability, measured 
in millidarcys.* 


FIELD TECHNIQUE 


1. In field practice, instead of re- 
cording successively two selective SP 
curves with two different values U, 
and U, of the potential at G-G’, the 
same result is obtained more conveni- 
ently in only one run. To this effect, 
the potential at G-G’ is made periodi- 
cally variable between two limits re- 
_ spectively equal to U, and U., and one 
single curve is recorded with only one 
galvanometer. The vibrated curve thus 
recorded is bounded by two envelopes, 
which are respectively identical to the 
curves which would be obtained if the 
potential at G-G’ were kept constant 
and equal to U, or to U.. 
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2. The potential at G-G’ for selective 
SP logging, or the difference of poten- 
tials between M and G-G’ for static SP 


logging, are controlled automatically 
by means of a special DC amplifier. 


3. For recording the selective SP 
(Fig. 10), one terminal of the input 
circuit of the amplifier is connected to 
electrodes G-G’, and the other terminal 
to the surface electrode (3). The input 
circuit further contains a potentiometer 
(1) and a generator of low frequency 
alternating emf (2). The output ter- 
minals are connected respectively to 
A-A’ and to the surface electrode (5). 
The meter (4) is used to record the 


selective SP and the meter (6) to con- 
trol the accuracy of the monitoring. 


4. For recording the static SP, the 
same amplifier is used, but the circuit 
is different (Fig. 11). The input ter- 
minals are connected respectively to 
the electrodes M and G-G’ and. the 
output terminals to A-A’ and to the 
surface electrode (5). According to 
the design of the DC amplifier, when a 
difference of potential appears in the 
input circuit, a current is sent through 
the output circuit, and this current 
tends to bring this difference of poten- 
tial between G-G’ and M back to zero. 
The potential difference between M and 
G-G’ is, therefore, automatically main- 
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FIG. 11 — SCHEMATIC REPRESENTATION OF THE ACTUAL CIRCUIT USED FOR 
RECORDING THE STATIC SP. 
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tained equal to zero, or very near to it, 
and the resulting potential at M and 
G-G’ is recorded by means of meter 
(4). The curve thus recorded is the 
static SP log. 


FIELD EXAMPLES 


Fig. 12 is an example of a selective 
SP log recorded under rather favorable 
conditions, opposite limestone forma- 
tions. The regular resistivity and SP 
logs are reproduced on the same chart. 


Several depressions corresponding to 


SELECTIVE S.P Sue 
4 mv 20 mv 
— KAY + -_k 


H. G. DOLL 


conductive beds are noticeable on the 
resistivity log, and particularly on the 
curve recorded with the so-called “lime- 
stone device.” Some of these depres- 
sions correspond to curvatures in the 
SP log, but the determination of the 


exact location of the boundaries of the 


beds, and the differentiation between 


permeable and impervious beds, are 
not always easy from the regular curves. 


The selective SP log comprises two 
curves; the left-hand curve (selective 
SP Curve No. 1) corresponds to a po- 
tential at G-G’ practically equal to the 
static SP of shale, and the right-hand 
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FIG. 12 — SELECTIVE SP, SP AND RESISTIVITY LOGS OPPOSITE LIMESTONE FORMATIONS. 
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curve (selective SP Curve No. 2) to a 
potential at G-G’ which is not much 
different from the static SP of perme- 
able beds. 


It appears that at many levels both 
curves are very close to the zero line, 
which is characteristic of extremely 
resistive formations. The greatest part 
of the section, therefore is made of 
compact beds. Several sharp peaks 
appear, however, on either curve: the 
peaks towards the negative side are 
noticed only on Curve No. 1, whereas 
Curve No. 2 shows practically no de- 
flections at the same levels. This fea- 
ture is definitely indicative of perme- 
able beds according to the schematic 
diagram shown in Fig. 5. Such peaks 
are numbered 1, 2, 3, 4, 8 on the 
drawing. 


The peaks towards the positive side, 
conversely, exist only on Curve 2, and 
correspond to practically no deflection 
on Curve No. 1. This indicates conduc- 
tive impervious beds, numbered 5, 6, 
7 on the drawing. 


All the deflections, either negative 
or positive, are sharp enough for the 
boundaries of the different beds to be 
determined with reasonable accuracy, 
the influence of the spacing being, of 
course, taken into account. 


For the survey which is the matter 
of the present example the potentials 
U, and U, at G-G’, used respectively 
for curves No. 1 and No. 2, could be 
adjusted very close to V. and V,, which 
makes the interpretation unequivocal. 
The interpretation. is furthermore re- 
markably easy, in this particular in- 
stance, because the conductive beds are 
few and clearly separated from one 
another by thick and definitely hard 
formations. 


It was thought superfluous to com- 
pute the static SP log, which would 
not add anything to the data already 
recognizable on the chart, as far as 
the location of the conductive beds is 
concerned. The value of the static SP 
in front of each conductive bed can, 
however, readily be obtained in this 
case. At the level of permeable beds 1, 
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FIG. 13 — AN EXAMPLE OF AN IMPERFECT CHOICE OF THE POTENTIALS U, AND U.. 


2, 3, 4, Curve No. 2 gives practically 
no deflection, which means that the 
static SP of these beds is equal to the 
potential U, prevailing at G-G’ when 
Curve No. 2 was recorded. In the same 
way, the static SP of shale beds 5, 6, 7 
is equal to the potential U, prevailing 
at G-G’ when the Curve No. 1 was 
recorded. The static SP of the perme- 
able beds with respect to shales is, 
(U,-U.). which 
itself can be read from the calibration 
of the monitoring equipment, namely, 


therefore, equal to 


146 my, in the present instance. 


Fig. 13 on the contrary, is an ex- 
ample of an imperfect choice of the 
potentials U, and U.. This example is 
provided, however, because data of core 
analyses, regarding porosity and per- 
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meability, were available in the bore 
hole under survey, and could be com- 
pared with the results of the inter- 
pretation of the electrical logs. 


Inasmuch as U, and U, were not ad- 
justed correctly in this case, both selec- 
tive SP curves No. 1 and No. 2 give 
deflections at the level of permeable 
beds and shale beds, so that the inter: 
pretation is not readily possible as in 
the preceding example. 


The question is clarified by means of 
the static SP curve, which has been 
deduced from the selective SP curves 
by computation. Inasmuch as the value 
of the static SP cannot be accurately 
computed when the deflection of the 
selective SP log is very small, that is in 
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front of compact highly resistive for- 
mations, the curve has been traced in 
dots along the corresponding intervals 
such as (a) and (b). Also, the selec- 
tive SP curves go off scale at the level 
(c), and the corresponding value of 
the static SP cannot be determined: 
the computed curve is interrupted ac- 
cordingly. 


Generally, all the permeable streaks 
are marked by clear negative deflec- 
tions on the static SP log. The inter- 
pretation is confirmed by the results of 
core analysis. Although the permeabil- 
ity record is not complete, the data 
plotted on the chart are nevertheless 
humerous enough to illustrate the con- 
formity between the electrical inter- 
pretation and the laboratory results on 
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cores, at the depths where both are 
available for comparison. 


Fig. 14 is an example which shows 

- a sequence of resistive permeable beds 

‘nterbedded in conductive impervious 
formations. 


The static SP curve has been both 
directly recorded and derived from the 
selective SP curves by computation. It 
may be observed in the chart that the 
two static SP curves coincide closely, 
except for the interval A-B. In this 
interval, the resistivity of the 
rounding formation is very high, and 
the deflection of the selective SP curves 
is consequently very small, so that not 
only the possible shifts in the zero line, 
but also the graphical errors may result 
in important differences in the value 
computed for the static SP. The sec- 
tion of the computed curve between 
A and B cannot, therefore, be consid- 
ered as reliable and has been repro- 
duced in dots. 


sur- 


The oundaies of the different beds 
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are marked by sharp breaks of the 
static SP log, whereas the correspond- 
ing deflections of the conventional SP 
log are very smooth. In this particular 
instance, the values of U, and U, for 
the recording of the selective SP curves 
were taken equal respectively to the 
static SP of shale bed (4) and of the 
permeable stratum (7). The difference 
U. — U, was equal to about 110 mv. The 
difference between the deflection of the 
static SP log opposite beds (1) and 
(2) gives, of course, the same value. 
But it is worth mentioning that perme- 
able beds of moderate thicknesses, such 
as (3) and (7), show deflections on 
the static SP log which, although less 
than 110 mv, are nevertheless larger 
than the corresponding peaks on the 
regular SP log. 

Attention is called 
peaks: -such-dsSeaaie awa. 


also to sharp 
, very 
close to the boundaries of the perme- 
able beds, which are very likely “boun- 
dary effects,” as described in the the- 
oretical diagram of Fig. 9. 
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CONCLUSION 


Until recently, the conventional meth- 
ods of electrical logging have provided 
less information for the investigation 
of limestone fields than for the se- 
quences of formations such as sands 
and shales. 


The new methods of selective SP 
logging, and of static SP logging, 
which are now under development, 


promise a substantial improvement in 
the detection of the permeable strata 
located inside highly resistive forma- 
tions, which are commonly found in 
limestone fields. 


The new methods discussed in the 
present paper, under favorable condi- 
tions, can also determine the static SP 
of permeable formations, and should, 
therefore, prove useful wherever a 
quantitative value of the static SP is 


desired. 


Several studies are under way to im- 
prove the equipment, but, even in the 
present stage of development, field re- 
sults show that the new methods, al- 
though somewhat difficult in technique, 
should provide reliable interpretative 
data. 


ACKNOWLEDGMENT 


The author wishes to acknowledge 
the very important work done by M. 
Martin in the preparation of the paper. 
He would like to mention specially the 
outstanding contribution of J. Bricaud, 
who had the responsibility of develop- 
ing the equipment and of working out 
all the details of the field technique. 
In addition credit should be given to 
W. C. Welz who designed the DC am- 
plifier. The author wishes to show 
his appreciation to J. Bodin and R. 
Sauvage, who conducted the field ex- 
periments and discussed the results, 
and to J. K. Hallenburg for his assist- 
ance in these experiments. Acknowl- 
edgments are also due to the oil com- 
panies for their courtesy in making 
examples available. 


141 


TP. 2850 


REFERENCES 
1. H. G. Doll: “The SP Log: Theoreti- 


cal Analysis and Principles of Inter- 
pretation.” Trans. AIME, Petroleum 
Branch, Vol. 179, page 146. 


2. M. Martin, G. H. Murray and W. J. 
Gillingham: “Determination of the 
Potential Productivity of Oil-Bear- 
ing Formations by Resistivity Meas- 
urements.” Geophysics, Vol. 3, July, 
1938, page 258 ff. 


3. G. E. Archie: “The Electrical Re- 
sistivity Log as an Aid in Determin- 
ing Some Reservoir Characteristics.” 


142 


on 


SELECTIVE SP LOGGING 


Trans. AIME, Vol. 146 (Petroleum 
Division), 1942 and 1943, page 54 
ff. 


. C. and M. Schlumberger and E. G. 
Leonardon: “A New Contribution to 
Subsurface Studies by Means of 
Electrical Measurements in Drill 
Holes.” Trans. AIME, Vol. 110 (Ge- 
ophysical Prospecting), 1934, page 
Qi aatte 


. Me R. J. Wyllie: “A Quantitative 


Analysis of the Electrochemical 
Component of the SP Curve.” Jnl. 
Petr. Tech., Vol. 1, No. 1, January, 
1949, p. 17 ff. 


PETROLEUM TRANSACTIONS, AIME 


. H. W.. Patnode: 


. M.R. J. Wyllie: “A Statistical Study 


of the Accuracy of Seme Connate 
Water Resistivity Determinations — 
Made from SP Log Data.” AAPG 
Meeting, St. Louis, March, 1949. 


“Relationship of 
Drilling Mud Resistivity to Mud 
Filtrate Resistivity.” Jnl. Petr. Tech., 
Vol. 1, No. 1, January, 1949, p. 14 
fits 


. M. P. Tixier: “Electric Log Analysis 


in the Rocky Mountains.” Oil and 
Gas Jnl., Vol. 48, No. 7, June 23, 
1949, p. 143 ff. kk 


Vol. 189, 1950 


T.P. 2853 


AN ELECTRONIC ANALOG COMPUTER FOR SOLVING 
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SUMMARY 


It is the purpose of this paper to 
describe an electrical computer which 
has been constructed to solve the equa- 
tions for vapor-liquid equilibrium in 
multi-component systems. The instru- 
ment consists of seven component-com- 
puting units each with proper indicat- 
ing means and power supplies. Each 
unit is a resistance network with a 
voltage matching servomechanism, and 
each provides an output voltage pro- 
portional to the mol-fractions for vapor 
and liquid phases. These voltages are 
summed and matched with a reference 
voltage to provide the solutions. Any 
reasonable number of such units may 
be put together to make a computer. 
The theory and operation of the com- 
puter is discussed. A number of appli- 
cations and examples of computer re- 
sults are given. The computer yields 
the over-all vapor or liquid fraction to 
a probable error of 0.002. An interpola- 
tion method is described which reduces 
the probable error to 0.0002. 


INTRODUCTION 


The process known as Flash Vapori- 
zation may be described as follows: A 
mixture of known composition of rela- 
tively volatile components is allowed 
to come to thermodynamic equilibrium 
at some given temperature and pres- 
sure by any path whatsoever. In gen- 
eral, a vapor and a liquid phase will 
be present at equilbrium. The problem 
is to determine the fractions of the 
mixture in the vapor and liquid phases, 
and to determine the mol fractions of 
the various components in each phase. 
The relations that exist between these 
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various quantities at equilibrium are 
well known and will be given later. 
These equations are difficult to solve, 
yielding only to trial-and-error methods. 

The virtues of the analog computer 
are its speed and the automatic char- 
acter of its calculations. The device is 
operated by turning a crank which 
varies the value of v, the total vapor 
fraction. This actuates a number of 
servomechanisms which perform auto- 
matically all computations. 


This computer facilitates the solu- 
tion of such problems as (to mention 
a few): Analysis of separator opera- 
tion, studies of changes in composition 
of reservoir fluids with pressure de- 
cline, and analysis of natural gasoline 
plant operation. Examples of some of 
these problems are given in detail later. 


STATEMENT OF THE 


PROBLEM 
The essential equations are 
Zm 
m = . . 1 
Seo eee (1) 
= KuZm 2) 
ees 1+ (Ka=Dy Fanta 
a | 
=35 ar ae 
m= 
(3) 
a Hees ee a ee ae 
Son teen) | 
(4) 
where 


Ym = Vm/V = Mol fraction of m-th 
component in vapor phase. 
L,»/L = Mol fraction of m-th 
component in liquid phase. 


Xm 
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F,,/F = Mol fraction of m-th 


component in mixture. 


im “= 


Ki, = Yu/Xm = Equilibrium constant 
for m-th component at the 
given temperature and _ pres- 
sure. 
v = V/F = Mol fraction of vapor 
in the mixture. 


F = Total mols of a mixture of n 
components. 

V = Total mols of vapor in the 
mixture. 

L = Total mols of liquid in the 
mixture. 

F,, = Total mols of m-th component. 

Lin = Mols of m-th component in 
liquid phase. 

Vm = Mols of m-th component in 


vapor phase. 


Assuming the total mols of the mix- 


ture F and its composition (all the 
F,,) to be known—either from a 
quantitative analysis or from the 


amounts put together to make the mix- 
ture — the zm = F,,/F may be regarded 
as known quantities. From the given 
temperature and pressure of the mix- 
ture the K,, are known (principally 
from experimental data). The primary 
problem is then: having given all the 
z» and K,, to calculate v and all the 
fractions x, and ym. Having calculated 
these ratios, it is a simple matter to 
calculate V, L, Vm, Lm from their de- 


fining equations. 


SOLUTION OF THE 
PROBLEM 


Basic Computer Unit 

The computer consists of n units, 
each of which provides voltages xE, 
and yE, proportional to x and y as in 
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Equations (1-4). Fig. 1 shows the basic 
computing unit with the connections 
made for the case where K< 1. Fig. 2 


Eo 


c 
LINE 


Bn S- 2 


FIG. 1— BASIC COMPUTER UNIT CIRCUIT 
FOR K<1 AND MODERATE VALUES OF “vy”. 


shows the same basic computing unit 
with connections made for the case 
where K>1. Certain modifications of 
this basic circuit are made for special 
values of K and v which render the 
basic circuit of Fig. 1 and 2 insensi- 
tive. Description of these modifica- 
tions will be omitted. Provision is made 
for adding the voltages x,,E,, or ymE., 
for varying each voltage and hence 
their sum, and by means of a ganged 
variation of v for balancing the sum 
=x, or Zy,,E, to equal the line volt- 
age E,. When balance is attained by 
finding the correct value of v, cancella- 
tion of E, yields Equation (3) or (4). 
The corresponding value of v which 
can be read from a dial is then the 
solution of (3) or (4). 


Computing Unit — 
Case Where K<1 


The basic unit for providing the 
voltage E,=xE, (and E, = yE,) for 
the case where K<1, is shown in Fig. 
1. Four potentiometers marked x, v,-G, 
K are connected as shown. The given 
fractions z and K are set by means of 
dials (calibrated to 0.1 per cent and 
which can be estimated by eye to 0.01 
per cent). The potentiometer v is set 
by hand (and ganged with the v poten- 
tiometer of all other units so that the 
same value of the fraction vy is simul- 
taneously set on all units). The con- 
tact on the G potentiometer is set auto- 
matically by means of a servomotor. 
This motor is driven by an AC ampli- 
fier. The amplifier is actuated by the 
difference in voltages zE,, from the 
contact on the z potentiometer, and E,, 
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from the contact on the v potentiometer. 


If E,<zE,, the motor moves the G con- 
tact to a position of higher voltage and 
raises the potential E,. If E,>zE,, the 
motor moves the G contact to pick off 
a lower potential and reduces the E, 
potential. In either case, the motor 
quickly positions the G contact so that 

Ey = 2K sense ew ae (5) 
an equation which we are now justified 
in using with the circuit equations 
below. 

The following circuit equations, 
where R is the (large) resistance of 
the v potentiometer and r is the (small) 
resistance of the K potentiometer, are 
obvious: 


By SN St oenran iG) 
(1-K)ri, = B-A Rapa Ae Ci, 
Krie= A ong A tes), 
(Meee be (9) 


eee (1—v)B 
(10) 


FIG. 2—BASIC COMPUTER UNIT CIRCUIT 
FOR K>1 AND MODERATE VALUES OF ‘“‘v”. 


Eliminating i,, i, i,, and E, from the 
Equations (5-10), and solving for B 
and A, we have 

ae zE.[1 + K(1- K)p] 

~ [1+ (K-1)v] +K(1—-K)p 
(11) 


es 2E,[K +K(- K)p] 
~ [1 +(K-1)v} + K(1-K)p 
ne (12) 


where 

(13) 
This ratio of the resistance, r, of the 
potentiometer, K, to the resistance, R, 
of the potentiometer, v, will be taken so 
small that the parts of (11) and (12) 
containing p can be reglected. Hence, 


to a sufficient approximation B = EF, 
and A = E,, where 


p=1/R 


oe 14 
yale (Ke waey es oe 
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KzE, 


7 Ses olor (15) 
1+ (K-l)v : 


y 


Computing Unit — 
Where K>1 


The basic unit for a K>1 is the same 
unit as for K<1, but the setting of 
potentiometer, K is as shown in Fig. 2, 
and the connections to the potentiom- 
eter, v are reversed. The servomechan- 
ism sets potentiometer, G, as before so 
that Equation (5) is satisfied. The cir- 
cuit equations differ slightly from Equa- 
tions (6-10), but follow the pattern 
above and result in the same Equa- 
tions (14) and (15). 


Computer Assembly 


The basic computing unit will be 
represented, for convenience, by the 
block shown in Fig. 3. The units are 
assembled as shown schematically in 
Fig. 4. Each output potential E,, or Ey, 
is placed on one end of a high resist- 
ance R’. The other ends of these resist- 
ances are connected to a common lead 
whose potential is E, and which is con- 
nected to one terminal of a galvanom- 
eter M. The current, i,, of the m-th 
unit through R’ is given by x,E,—E 
= R’i,. The currents, i,, will add; 
hence, summing the last equation from 
1 to n, we have 


n n 
Ey => ker n= RS in 
m=1 inf 

(16) 
A potential E,/n is placed on the other 
terminal of the galvanometer. The 
ganged contacts on the y potentiometers 
are adjusted by hand until the galvan- 
ometer M reads zero. When this condi- 


n 
tion is attained S i, = 0--and’~the 


mat 


FIG. 3— BASIC COMPUTING UNIT. 


n 
last equation reduces to E,S xn=nk. 
agai 
But nE=E,, and cancelling these 


n 
equal factors, we have > Xn =1 and 
d me 
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the v, so obtained, is the required solu- 
tion of Equation (3).* 


FIG. 4— SCHEMATIC ASSEMBLY OF 
COMPUTER. 


If the adding resistances R’ be 
switched to the other output terminals 
yK, of the computing units, and if v 
be adjusted so that M reads zero, then 
v is the solution of the equation 


n 

> ym =1, namely, the solution of the 
m1 

equivalent Equation (4). The two val- 
ues of v should agree. 


For conciseness, the complete wiring 
diagrams of this computer are omitted. 
For the same reason, we omit details 
concerning the sensitive units, the serv- 
omechanism details, the manual of op- 
eration, and design data. 


The computer is packaged for con- 
venience of operation and maintenance. 
The general arrangement is shown by 
the photographs (Figs. 5-7). 


APPLICATIONS AND 
EXAMPLES 


A few applications of this computer 
should be of interest. 


*The current, im, drawn from the XmEo 
terminal of Fig. 1 is drawn from the G poten- 
tiometer and does not disturb in any way the 
rest of the circuit. If the current, im, is drawn 
from the YmEo terminal, this current must 
pass through a portion of the K-potentiometer 
and consequently iz in Fig. 1 will be disturbed. 
This effect is negligible, however, since the 
adding resistance R’ is very large (500,000 
ohms) compared with the 500 ohm K-poten- 
tiometer. This. disturbing effect is further re- 
duced by the fact that the voltage at the oppo- 
site end of R’ is limited to Eo/n. This reduces 
the voltage drop across R’ and hence the cur- 
rent through it. 


Similar considerations lead to the conclusion 
that this disturbing effect is also negligible 
when the connections shown in Fig. 2 are 
used. 
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Determination of Optimum 
Separator Operating Conditions 


Just what is considered optimum may 
vary considerably. For instance, it may 
be desirable to obtain a maximum of 
stock tank liquid from a given crude; 


-or, it may be desirable to maintain the 


gas composition uniform when a gas 
line is being fed from several sep- 
arators. Since the crude composition, 
the temperature and pressure of the 
stock tank, and separator temperature 
are beyond control there remains only 
the separator pressure which may be 
varied to yield the desired product out 
of the separator. A series of flash cal- 
culations may, therefore, be made at dif- 
ferent pressures intermediate between 
reservoir pressure and stock tank pres- 
sure. A second calculation gives the 
stock tank liquid and vapor composi- 
tions. That operating pressure is then 
selected which satisfies the require- 
ments of the problem in question. 


Evaluation of Reserves 


Evaluation of reserves involves a 
study of changes in composition of the 
reservoir fluids during’ the life of a 
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field. If the flash vaporization process 
is adopted as a simplifying assumption 
for small pressure increments, then 
this computer can be used as an aid in 
making such a study. Two general 
cases arise in this connection: (1) gas- 
condensate reservoirs, and (2) oil fields 
with gas-saturated crude. In either case, 
if the initial compositions of the phases 
present are known, and a reliable set 
of K constants is available, then the 
effect of pressure decline on compo- 
sion may be calculated and an evalua- 
tion of recoverable fluids made. That 
is, the amount of condensation of heavy 
components with pressure decline can 
be calculated in the first case, or the 
loss of solution gas with pressure de- 
cline can be calculated in the second 
case. 


Natural Gasoline 
Plant Calculations 


At every stage where the pressure 
and/or temperature of the product is 
changed in natural gasoline plant op- 
eration, and natural gas processing, the 
flash vaporization process is involved, 
at least as a simplifying assumption, 
if not in fact. In cases where complete 


FIG. 5— VAPOR LIQUID EQUILIBRIUM COMPUTER FRONT VIEW. 
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equilibrium between liquid and vapor 
does not exist, conditions do differ 
from the ideal, but the fundamental 
calculations must be made before the 
deviations can be determined. The com- 
puter may be used to make these fun- 
damental calculations. 


Estimation of K Values 


In the case of each of these applica- 
tions only the straight forward opera- 
tion of the computer is involved. How- 
ever, other interesting variations are 
possible. One in particular was em- 
ployed in this laboratory during the 
course of some PVT work. A quantity 
of reservoir fluid was equilibrated in a 
PVA cell. A portion of the vapor phase 
was bled off and analyzed. This proc- 
ess was repeated at constant tempera- 
ture in a series of equal pressure steps. 
It was desirable to know the distribu- 
tion of the components in the vapor 
and liquid states at each of the pres- 
sure points involved. The known quan- 
tities were initial composition of sam- 
ple, weight per cent of total sample 
of vapor bled off, and composition of 
the vapor bled off. This process is a 
differential vaporization process, but 
if the pressure increments are small, 
flash vaporization calculations may be 
made as a first approximation. Such 
calculations will yield the desired in- 
formation provided a reliable set of K- 
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constants is available. In this particu- 
lar case, the values of the K-constants 


for the heaviest components were in 
doubt, although the values for the 


lighter components were fairly well 
established. Before the desired infor- 
mation could be derived from the data, 
it was necessary, therefore, first to 
establish the values of the K-constants 
for the heaviest component. This is 
readily accomplished through the use 
of this computer. 


The initial composition of the sam- 
ple was set up on the Z-dials. The K- 
values at the temperature and pressure 
in question were set up on the K-dials 
using an approximate value for the 
seventh component (C,). The computer 
was balanced to determine v and the 
yapor fraction of C, noted and com- 
pared with the experimental value ob- 
tained from the analysis of that por- 
tion of the vapor phase bled off. Since 
only an approximate value of K, was 
used, the computed C, vapor fraction 
differed from the experimental value. 
By resetting the K, dial and readjust- 
ing the y-dial for balance, a K, was 
found which would cause the computed 
C, vapor fraction to equal the experi- 
mental value. This process was re- 
peated at each new pressure making 
allowance for the weight fraction of 
the sample bled off as a vapor. In this 
way a satisfactory set of K, values was 


FIG. 6 — COMPUTER WITH BACK PANEL REMOVED. 
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obtained and the vapor-liquid distribu- 
tion of each component at each pres- 
sure was obtained. The same results 
could have been obtained by cut-and- 
try methods, but probably would not 
have been attempted because of the 
time required to make such tedious 
calculations. 


Examples 

As an example of the more usual 
type of problem solved with this com- 
puter, the results of a typical run are 
shown in Table I, together with a com- 
parison between results obtained by the 
trial-and-error method and those ob- 
tained with the computer. The time 
required to make a complete calcula- 
tion, including determining v and read- 
ing all liquid x, and vapor ym fractions 
is about ten minutes. 


Error Studies 

An evaluation of the accuracy of this 
computer has been made using data 
of the same type as that shown in 
Tables I and II. The results are shown 
in Fig. 8 and Table III. Fig. 8 is a 
frequency distribution curve of differ- 
ences between computer and trial-and- 
error values of liquid and vapor frac- 
tions. Table III lists certain factors 
characterizing the frequency distribu- 
tion of errors for this computer. 


It will be noted that the standard 
deviation from the mean is ¢ = .0015. 
Accordingly, 68.3 per cent of the errors 
may be expected to fall in the range 
+ .0002 = .0015. This range is indi- 
cated on the frequency curve in Fig. 8. 


A similar comparison of the com- 
puter values of v with those obtained 
by the trial-and-error method for 20 
examples indicates that the probable 
error is + 0.0020. 


Percentage errors have not been used 
in these studies, since the magnitude of 
the errors appears to be more or less 
uniform throughout the scale ranges. 
This would result in large percentage 
errors at small scale readings and small 
percentage errors at large scale read- 
ings. It was felt, therefore, that per- 
centage errors would not give a true 
measure of the accuracy to be expected 
of this computer. 


Second Approximation 

The value of v as computed by this 
instrument may be considered a first 
approximation. The figures, just given, 
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on the accuracy will then be a measure 
of the closeness of this approximation. 
If greater accuracy is desired, the com- 
puter may also be used to give a sec- 
ond approximation. This is accom- 
plished by means of an interpolation 
formula and two additional readings on 
the instrument. This formula is 


Vo— V4 


=! Jefick 


€ 


in which 

vy, is a v-dial setting less than that 
required for balance (v,<v,) 

vy, is a v-dial setting greater than 

that required for balance (v.>v,) 

G, is the galvanometer deflection in 


i=) 


~ 


scale divisions corresponding to 


Vi. 
G. is the galvanometer deflection in 
scale divisions corresponding to 


=) 


; Ve 
F is a proportionality constant found 
to be 336.5 


n 


e@=1- > eee eS 
1 are (Kin —1) Vo 


mos. 

e, is the correction to be applied to 
y, to give the second approximation, v, 
to the correct value of v, thus 

a= Ves 

In the example given in Table I the 
quantities in the interpolation formula 
were found to be 


vy, = .480 (GSSe Vo = -4837 
vy, = .490 CaS =) e=933655. 
B = .001755 
.01 x .001755 

Se Sarees 

= 336.5 x 1.755 x 10~ 

aD 

= 12x10~* = +.0012 

= = .4837 + .0012 = .4849 


This value compares favorably with 
the trial-and-error value of .4850. 


Fight similar examples were calcu- 
lated as outlined above and gave re- 


sults with an average probable error of 


0.0002. 


The additional time required to make 
the second approximation is largely 
that required to calculate 8, which is a 
straight-forward operation, and the 
time required depends on one’s skill 
with a desk calculator. The time re- 
quired to make the two pairs of read- 
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FIG. 7 — SINGLE COMPUTING UNIT. 


Table I 


Sample Problem with Comparison of Results 


‘Computer Trial-and-Error 
Component Values Values Differences 
Number Tes see Xn Nes Sy Ve Aa AYin 
Gi .2085 173.0 .0040 4285 .0025 AQT? +0015. < =—-0008 
Gs T8385 21.0 .0123 .2328 0111 2327 +0012 + OG0R 
Ge 1069 5.35 .0350 1834 0344 .1840 +.0006 -.0006 
C, .0776 1.67 0585 .0970 .0586 .0979 -.0001 -.0009 
i .0590 0.46 .0800 0372 .0799 .0368 +.0001 +.0004 
C, 0485 0.162 .0805 0142 0817 0132 -.0012 +.0010 
c 3810 0.0105 — .7300 .0090 .7318 0077 + =-.0018 +.0013 
Totals 1.0000 1.0003 1.0031 1.0000 1.0000 


v (Computer value) = 0.4837 


v (Trial-and-error value) = 0.4850 


Table IL shows another example. In this case one of the K’s is large (247) and 
the v is small (0.0060), a case which calls for the use of one of the sensitive units 


not described in this paper. 


Table I] 


Sample Problem Using One of the Sensitive Units 


Computer Trial-and-Error 
Component Values Values Differences 
Number Dee Ka >. er Ym Xm Ym AXm AYm 
Ci 0025 247 .0013 2474 .0010 2470 +.0003 +.0004 
G O11 30 .0096 .2840 .0095 .2809 +.0001. +.0031 
CG 0344 7.6 0332 .2460 0331 .2500 +.0001 -.0040 
OF, .0586 2.4 0575 AB YY 0581 1394  -.0006  -.0022 
G .0799 .66 .0797 0525 .0800 0528  -.0003° -.0003 
G; 0817 2a .0815 .0196 .0821 0189  -.0006 +.0007 
C, -7318 OL .7355 .0122 .7362 0110  -—.0007 +.0012 
Totals ~ 1.0000 .9983 .9997 1.0000 1.0000 


vy (Computer value) = .0054 
PETROLEUM TRANSACTIONS, AIME 


y (Trial-and-error value) = .0060 
147 
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Table Hil 

Factors Characterizing the Fre- 

quency Distribution Curve of 

Errors 

Arithmetic Mean Error (x) == OMOZ 
Quadratic Mean Error 

(RMS) =e (iD 
Median Value = +, .0004 
Mode = =i 40005 
Standard Deviation (¢) from 

the Mean (X) == 0015 


(Approximately the RMS) 


Use of the Sensitive Units 


Special values of K and V_ which 
render the basic circuit insensitive are: 


(a) K—>0 and V>1 
(b) K very large (1/K +0) and 
V>0 


Condition (a) exists when one or more 
components are relatively involatile 
but are present only in small quanti- 
ties. In such a case the denominators 
in Equations (14) and (15) approach 
zero and the units become insensitive. 
This occurs for values of K < .01 and 
of V > .99. 


Condition (b) exists when one or more 
components are very volatile but are 
present in only small quantities. This 
is the case for the second example 
given. Because of the difference in con- 
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GROUP INTERVAL = .0005 


o NUMBER OF ERRORS PLOTTED 
AT MID-POINT OF INTERVAL 


| | 
| 


- 0040 ~ 0030 - 0020 -.0010 


68 3% OF 


Rages 1 
| | 
| | 
| | 
| | 


+ 0010 + 0020 + 0030 + 0040 


DEVIATION FROM TRIAL-~ANO-ERROR VALUE 


FIG. 8 — FREQUENCY DISTRIBUTION CURVE OF ERRORS IN Xm AND Yn. 


nections shown in Figs. 1 and 2 the 
relative positions of the K and V po- 
tentiometers are the same as for con- 
dition (a) and the sensitive unit must 
be used. This occurs for values of 


K > 100 and of V < .01. 
CONCLUSION 


An electronic analog computer has 
been described which provides a solu- 
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tion to the vapor-liquid equilibrium 
problem. The computed value of v has 
a probable error of 0.0020 in the first 
approximation and 0.0002 in the sec- 
ond approximation. The operation is 
simple and rapid. In thus speeding up 
the solution, the way is opened for the 
application of the method to problems 
which would not otherwise be under- 
taken because of the amount of time 
required to obtain a solution. * * * 
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J. R. MORISON, M. P. O'BRIEN, J. W. JOHNSON AND S. A. SCHAAF, UNIVERSITY OF CALIFORNIA, BERKELEY, 
CALIFORNIA 


THE FORCE EXERTED BY SURFACE 
WAVES ON PILES 


The force exerted by unbroken surface waves on a cylin- 
drical object, such as a pile, which extends from the bottom 
upward above the wave crest, is made up of two components, 
namely: 


1. A drag force proportional to the square of the velocity 
which may be represented by a drag coefficient having 
substantially the same value as for steady flow, and 


2. A virtual mass force proportional to the horizontal com- 
ponent of the accelerative force exerted on the mass of 
water displaced by the pile. 


These relationships follow directly from wave theory and 
have been confirmed by measurements in the Fluid Mechanics 
Laboratory of the University of California, Berkeley. 


The maximum force exerted by breakers or incipient break- 
ers is impulsive in nature, reaching a value much greater 
than that produced by unbroken waves but enduring for only 
a short time interval. This impulsive force represents the 
ultimate development of the accelerative force and is pro- 
duced by the steep wave front and large horizontal accelera- 
tion at the front of a breaker. This impulsive force greatly 
exceeds the drag force computed from the particle velocities 
of the breaker. 


The reader is cautioned that these preliminary results are 
applicable only to single piles without bracing and are likely 
to be modified somewhat where multiple piles are driven, one 
within the influence of the other or where multiple piles are 
connected by submerged bracing. This paper is essentially 
a preliminary report submitted at this time because of the 
current importance of wave forces in the design of offshore 
structures. An extended series of additional experiments is 
planned for the near future. 


Theoretical Relationships 


For the sake of simplicity of treatment, the theory will be 
developed from the equations for waves of small amplitude. 
The horizontal displacement of a water particle is described 
by the equation 


at 
cos fei Zz) or 
: sin —— renal) 


x= T 


to 
HX 
i) 


Manuscript received at the office of the Petroleum Branch October 23, 
949. 
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The horizontal component of the orbital velocity is obtained 
by differentiation with respect to time as 


20 
e: tosh = (dis Z) 
u 7 ra cos 7 Eereacivan te 165) 


sinwe 
16; 


The acceleration of the water particles at any position is 
obtained by again differentiating with respect to time as 


ar 


5 cosh — (d + z) 
du -—-2rH LE pee iat: 
= = sin Bede 1S)), 
0 t Abe 27rd ‘R 


sinh 


where 
H = wave height — ft 
L = wave length — ft 
d = still water depth — ft 
z = depth below the still water measured negatively down- 
ward — ft. 
T = wave period — sec 


t = time — sec 


The force exerted on a differential section, dz, in length is 


7D? Ou (alD)a 
dF = |Cy { pe ) 2a Cy a | dz). See 
4 Ot 2 
where 


D = pile diameter — ft 
p =water mass density — slugs/ft* 
Cy, = coefficient of mass 
Cy = coefficient of drag 


Substituting for 0u/ét and u’ from Eqs. (3) and (2), the 
force per unit length at any position z is 


dF nm pD H* ; 3 
= : fy, sin 6 = fp cos’ 6 Ps > (5) 
dz at" 
f D D 2 
ee a ge 
Cur Hie, a 


9 + cos’ 6 for0 << @< 1/2 
Tv 
cosh — (d + z) 3m 

Ie —< 6 < 2r 
= : 2 


2nd 


sinh 


7 3r 
{ SiGe 8 Ora = tea 


The sin @ term (inertia) is negative for 0<6< 7 and 
positive for << 6 < 2m. Values of A and A’ appear in Fig. 1 
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as functions of z/d and d/L. Values of fy/Cy appear in Fig? 
2 as a function of D, /H. Values of d/L corresponding to values 
of d and L, have been tabulated.* 


The preceding equations permit several important conclu- 
sions as to the distribution and variation of the force exerted, 


namedly, 


1. The drag force decreases with distance below the sur- 
face more rapidly than does the inertia force. 


2. The maximum force at any position (z/d) develops 
before the crest passes and the angle (or time) of 
advance increases with the ratio f/f. 


3. The maximum forces applied at different values of z/d 
do not occur simultaneously and the angle of advance 
of the maximum forces, measured forward from the crest, 
increases from the surface to the bottom. 


-4. The relative importance of the inertia force increases 
with the ratio of pile diameter to wave height. The lim- 
iting effect occurs when the diameter is so great as com- 
pared with the wave length that the structure begins to 


act as a section of a wall; the maximum force then oc- 


curs when the run-up of water on the structure reaches 


its maximum eleyation. 


The angle 9 correspondng to the maximum force may be 
obtained analytically from Eq. (5) by differentiating with 


respect to @ and equating to zero, as 


+ fx cos 6 + 2f, sin 6cos 6 = 0 


fy 
Sin 6 = — 


D 


hee 4, Bo 
ee 
af? Af: 


Since the angle @ is in the fourth quadrant, i.e., the force leads 
the wave, we have 


ts dF p DH we era ee 
= (= a) = = fay fy +f, ( Af,” — fy ) ( 
= max De \ Di Af, f 


oe T ey Ht fe far \ 
oT af, ff 
which is the maximum force at a particular depth z. 
The moment exerted by the wave force about the bottom of 
the pile is 


dM = (d+z) dF 


O 
maf" (a+. aF 


PDH L’ De 
rs ( CyK, sin 6+ CyK, cos’ 4 ) (6) 


T H 4 
2rd 2rd Y 
ise _ sinh ae cosh ae 
= Qed 
2 sinh ig 
1 4 a 2 ec D 
ek ( a 4 4ard een Ard aa And FIG. 2— —— VERSUS A FOR VARIOUS — 
3 L a 7 L Cm H 
is Ind 
64 sinh ee 


* Wiegel, R. L. — Oscillatory Waves, The Bulletin of the Beach Erosion 
Board, Special Issue No. 1, Washington, D. C., July 1, 1948. 
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Sait D K, Cy 
8HK.G 


Sin : Oras = 


Values of K, and K, appear in Fig. 3. 


The development of these force and moment relationships 
was based on the sinusoidal wave theory for waves of small 
amplitude. 


Theory and experiment show that the surface profile of a 
wave of finite amplitude departs from a sinusoidal form and 


, 1 EHH 
1] 

- Sa FS 

aa 


y 


a 


10" 
d AL 


Z FIG. 3—K; AND Kz VERSUS d/L 


fo} ‘ 
0 


Way ce 
-y = (68 SEC 
Lo 12.2567 
H+ O.244FT. 
: 2d 2 2.031 FT 
: oh = 0.083 FL 
PoW/L= 0.0189. es 
Wye BBE Le #1 RESISTANCE 
F g/L = 0.166 ELEMENT TRAC! 


p> FRONT OF WAVE ee, TRACE 


REFERENCE 
LINE a 


42 RESISTANCE 
“ELEMENT TRACE 


FIG. 4—SAMPLE OSCILLOGRAPH RECORD 
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is, in fect, very nearly trochoidal. The orbit velocities are 
also unsymmetrical, the forward velocity at: the. crest. excéed- 
ing the backward velocity in the trough by approxiniately 
10 per cent in a deep-water wave having a steepness ratio 
(H/L) of 0.02 and approximately 25 per cent for a steep- — 
ness ratio of 0.10. Analysis of the data in this report has 
been based upon a sinusoidal variation in velocity and, in 
effect, the asymmetrical velocity variation is represented in 
the empirical coefficient. An extended series of experiments 
on piles, caissons, structural members, and flat surfaces 
under different exposures to wave action is planned. Measure- 
ment of orbital velocities in waves of varying H/L and d/L 
are in progress. When these experimental programs are com- 
pleted, the data will be analyzed on the basis of the asym- 
metrical variation of velocity with time in waves of finite 
amplitude. The current importance of wave force in the design 
of offshore structures makes it desirable that the results to 
date be made available now. The force coefficients C, and Cy 
reported here are regarded as sufficiently accurate for design 
purposes, provided that they are re-inserted in the equations 
from which they have been derived, namely, eqs. (4) and (6). 


Laboratory Investigations 


The laboratory measurements were planned on the basis 
of Eq. (6). The model pile was hinged at the bottom and the 
necessary restraining force was measured at a known moment 
arm above the hinge (Fig. 9). The wave profile at the pile 
and the wave force were recorded simultaneously on the same 
oscillograph record. The wave velocity just ahead of the pile 
was obtained by means of a second wave profile on the same 
record. Time was measured by a 60-cycle frequency traced by 
the oscillograph. Thus, all the data for analysis appeared on 
the same record, with the exception of the still-water depth 
which was measured directly. Details of the experimental 
equipment are available in reports of the Fluid Mechanics 
Laboratory and will not be presented here. Fig. 4 is a sample 
of the records obtained for each wave condition. 


Analysis of the data took advantage of the fact that the two 
components of the total force are out of phase. Writing a 
dimensionless moment coefficient as 


MT cg D < 

———_— = -— Cy — K, sind + GK, cos’9 . (7) 
p DH’ L* 4 H 

the equation may be solved for Cy; and Cy, by measuring the 

force when cos @ or sin 6 are zero, respectively. When the 

crest passes the pile, @=0 and sin @=0, and the value of 


M= 


M at this instant may be solved for C). When the instantane- 
ous water-surface elevation is at the still water level, the 


velocity is zero and the corresponding value of M may be 
solved for Cy. It is to be noted that the actual wave profile, 
which is very nearly trochoidal, has been used and that the 
instant of zero velocity has been assumed to occur when the 
water surface crosses the still water level. The acceleration at 
the same instant has been taken as the theoretical value from 
Eq. (3). The important requirement is that the determination 
of Cy, be made from the measured moment at the instant of 
zero velocity. 

After determining the values of Cy; and Cp at the instants 
of zero velocity and zero acceleration, these values were then 
employed to compute the remainder of the moment curve 
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measured for each’ run. The agreement between the measured 
and computed moment curve was good over the entire wave 
length and this result confirms the analysis. Fig. 5 shows the 
wave profile as measured and the measured and computed 


moments. 


The experimental values of Cy, and Cy showed some scat- 
tering but no trend as a function of d/L, H/L or Reynolds 
number. The average values obtained for runs with the pile 
on a horizontal bottom and without impulsive forces, were 


Cy = 1.626 == 0414 


The Reynolds number, corresponding to the maximum sur- 
face orbital velocity, ranged from 0.22 x 10‘ to 1.11 x 10°. The 
Reynolds number decreased from these maximum values both 
downward along the pile and with time. The drag coefficient 
of a cylinder varies not only with Reynolds number but also 
with the turbulence of the incident stream. Values of C, for 
cylinders in a steady stream of air or water within this range 
of Reynolds numbers vary from 0.65 to 1.20. 


y 
Ay 
) 04 08 12 16 1.8 
Kh out: 
Vonte : 
0. WAVE PROFILE 
M 


et 
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FIG. 5 — COMPARISON OF THEORETICAL AND MEASURED TOTAL 
MOMENT AND WAVE PROFILE 


152 


PETROLEUM TRANSACTIONS, AIME 


THE FORCE EXERTED BY SURFACE WAVES ON PILES 


The virtual mass coefficient of a cylinder accelerated per- 
pendicular to its axis has been measured in a number of ways. 
The principle involved in the idea of a virtual mass is that’ 
the flow field around a cylinder contains kinetic energy in 
amount proportional to the square of the velocity of the cylin- 
der and an increase in the velocity of the cylinder requires 
that work be done through the application of a force to 
increase this kinetic energy. Thus the cylinder appears to 
have a mass greater than its true mass. Measurements of the 
virtual mass of cylinders gives values between 0.5 and 1.0 to 
which must be added unity, representing the mass of water 
displaced by the pile, for comparison with the results of these 
experiments. 


Surface profiles followed closely the-trochoidal form corre- 
sponding to the ratio of the horizontal to vertical axis of the 
wave orbits which in turn depends upon the ratio d/L. In 
analyzing the data, the velocity and acceleration were as- 
sumed to follow Eqs. (2) and (3). 


FIG. 6 — RECORD OF WAVE IMPACT 


A — BREAKER SLIGHTLY AFTER PILE; WAVE PEAKED UP AS 
IT HITS PILE 


B— WAVE BREAKING ON PILING 
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The variation in the moment arm between trough and crest incipient breaker greatly exceeds the force corresponding 
was not considered in, the integration to obtain M and has to the orbital velocity, which under breaking conditions, is 
been neglected in the analysis. The effect is generally small the wave velocity. The impact force is of short duration and 
for unbroken waves. Refinement of the analysis to consider its impulse may not be great. In future work, the force meas- 
this variation seems justified only in the case of breaking uring system will be revised in order to follow these impulsive 
waves, where the percentage variation in moment arm would forces and relate them to the wave velocity and height of 
be large. The additional experiments contemplated will breaker. 
include measurement of the moment at three positions along 


the pile and the analysis of these data will include the effect © 
of variation in the lever arm. -0.2 = — a ae Me 
; é 3 ; M D 
Fig. 6 show the record obtained for selected runs in which z° 70A 
impact forces occurred. The trace of the force measurement “4 eae 
(@) 


shows that the instrument oscillated after impact and the | 

values are not regarded as quantitatively reliable but it is -0.8 

evident that the maximum force produced by a breaker or | ‘eum 
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Ranges of Variables 
The range of wave characteristics, water depths, and other 
variables used in the experiment were as follows: 


— = 0.212 to 0.758 
= 0.0090 to 0.0419 
= 0.0411 to 0.0833 
= 4.81 to 18.15 

= 0.102 to 0.529 


= 0.0090 to 0.1135 


elaelemaaler| om) o 


Re = 0.22 x 10’ to 1.11 x 10° 


The experiments were performed in a constant depth chan- 
nel. The above ratios were obtained from the records of 17 
waves and one pile diameter. The range of variables will be 
extended in the contemplated program by testing model piles 
having three different diameters in the ratio 1:2:4. 


Examples of Wave Forces 


As an aid in applying these results to piles, the following 
simple examples have been developed: 
Example 1. 
A pile 2 ft in diameter is driven in 50 ft of water at a point 
at which the maximum wave is forecast as H = 20 ft, T = 7 
sec. From Fig. 2, f/Cy = 0.35 at surface. Using Cy = 
1.705 and Cy = 2.040, chosen on the high side of the 
average values for safety, the force per unit of length is 
expressed as 


dF (3.14)*.-2 «2 . 400 
d s 2x49 (— fx sin @= fp cos’ @) 
2 xX 


Fig. 7(a) shows the variation of the maximum velocity force 
and the maximum inertia force as a function of distance 
below the surface. These two forces are out of phase and 
their maxima do not occur simultaneously. Fig. 7(b) shows 
the variation in total force with time at the surface, mid- 
depth, and bottom. The arrow indicates the phase position 
of the maximum total moment given by Eg. (6), that is, 


uate FaGuK, Sin 6 CyK, Cos) 
where : 
p =2.0 slugs/ft’ (salt water) 
De 2.0K 
Ht 20.0" ft 
eee) sec or 1 or 27) 25 1 ft 
d = 50.0 ft 
d/L, = 0.1995 
L = 225ft* (*See footnote page 150) 
Gre — e105 Model study values; further experiments 
Cy = 2.040 are required to completely evaluate the 
range to these terms. 
Tee ze sinh cosh ee 
Ke ae = 0.403 
2 Sinh —— 
L 
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FIG. 9 — SCHEMATIC OF EXPERIMENTAL EQUIPMENT 


1f/4rd\? 4rd. 4rd Aad 
1+5(=) + sinh —— = cosh —— 
a 2 L 15; Je 


2rd \? 
64. ( sinh —— ) 
Ig 
«D K, Cyr 


oi ee 
Cos 6;,.. = 0.9878 


= 0.0852 


Sin 6 becomes Sin @i.a. = 


These values in equation (6) yield 
Max = 293,000 ft-lbs 
Onax = 8°57 (lead angle) 
Example 2. 
A pile 2 ft in diameter is driven in 50 ft of water where 
the maximum forecast wave is H = 10 ft, T= 15 sec. 
fy,/Cy, = 1.67 at surface 
dF — (3.14)?.2.2.100 
dz 2.225 
See Fig. 8(a) and 8(b) 
Minx = 77,600 ft-lbs 
Orie er On 
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THE MICROLOG -A NEW ELECTRICAL LOGGING METHOD 
FOR DETAILED DETERMINATION OF PERMEABLE BEDS 


H. G. DOLL, MEMBER AIME, SCHLUMBERGER WELL SURVEYING CORP., RIDGEFIELD, CONNECTICUT 


ABSTRACT 


A new electrical logging method is described which meas- 
ures the resistivity of small volumes of material near and 
behind the wall of the bore holes. The very smali electrode 
systems used are supported in the face of the flexible insulator 
pad of appropriate dimension maintained in contact with the 
wall. The measurements are recorded simultaneously with two 
different electrode spacings. 

This method provides a very detailed record of the forma- 
tions and particularly of the permeable beds traversed by the 
bore holes. 

The application of MicroLog to the location of permeable 
zones within compact formations, such as limestone, and to 
the determination of the amount of sand existing in sequences 
of thin shale and sand streaks is discussed. 

The possibility of quantitative determination, providing a 
step toward the evaluation of formation porosity and mud cake 
thickness, is also examined. 

Field examples illustrate the essential features of the method. 


INTRODUCTION 


In conventional electrical logging, the spontaneous potential 
(SP) log is used to delineate the permeable beds, and the 
resistivity logs are used primarily to provide indications con- 
cerning the fluid content of the beds. 

When the formations are much more resistive than the mud, 
as happens, for example, in limestone fields, the SP currents 
are short-circuited by the more conductive mud column, with 
the result that the SP log is quite rounded. In that case, the 
SP log generally gives the approximate location of the perme- 
able formations but it cannot be used for an accurate deter- 
mination of the boundaries of each permeable bed.’ 


1References are given at end of the paper. 
Manuscript received at the office of the Petroleum Branch February 6, 


1950. Paper presented at the Annual Meeting of the AIME February 13-15, 
1950 in New York, N. Y. 


*MicroLog and MicroLogging: Trade Marks, Schlumberger Well Sur- 
veying Corp., Houston, Tex. 
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Solutions for the problem of obtaining a better determina- 
tion of the permeable beds in limestone fields were developed 
from two angles. One approach consisted in improvements to 
the logging of the SP, as given by Selective SP logging and 
Static SP logging. These new methods, which have been de- 
scribed in an earlier paper, give good results when the mud 
is not too salty, but they are still in a somewhat experimental 
stage, mostly because the development efforts have lately been 
concentrated on another approach to the problem, i.e., the 
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FIG. 1 — MICROLOGGING APPARATUS SHOWING DISTRIBUTION 
OF ELECTRODES 
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THE MICROLOG — A NEW ELECTRICAL LOGGING METHOD FOR DETAILED 


DETERMINATION OF PERMEABLE BEDS 


The MicroLog, which is the subject of the present paper, 
has been developed primarily as a means for the accurate 
determination of the permeable beds, where the SP log alone 
does not give a satisfactory answer. For that reason, this new 
development has found its first field of application in limestone 
areas, where the usefulness of MicroLogging is most obvious. 
The MicroLog is, however, also of importance in sand and 
shale formations, if only for a more precise determination of 
the boundaries between successive beds, and for a_ better 
evaluation of the sand count. 


It is emphasized that the present paper is not intended to 
give an exhaustive and definitive description of the subject. 
In fact, the application of the new method has had a partly 
experimental character up to the present time, and several 
features of the corresponding technique are still being im- 
proved. It is possible that some of the improvements now 
under way will modify, to a certain extent, the response of 
the MicroLogs, and the procedure of interpretation. These dif- 
ferences, however, should not bring about any fundamental 
changes in the principle of this method, and should rather 
make its application easier and more reliable. 


PRINCIPLE OF MICROLOGGING 


A MicroLog is a resistivity log recorded with electrodes 
spaced at short distances from each other in an insulating pad 
which is pressed against the wall of the drill hole. Under those 
conditions, the system measures the average resistivity of the 
small volume of material—hereinafter referred to as a “micro- 
volume” — which is located under the pad, and which is, 
-therefore, electrically shielded against the short-circuiting ac- 
tion of the mud. Two different electrode systems, with different 
depths of investigation, are generally used in combination to 
provide two logs that are recorded simultaneously. For both 
electrode systems, the spacings are very small — usually one 
inch or two inches. In the discussion, the systems which have 
the smallest and the largest depth of investigation are respec- 
tively referred to as the “short spacing” and the “long 
spacing.” 


When the pad is applied to a permeable bed, the mud cake 
represents a substantial proportion of the microvolume. Inas- 
much as the mud cake has a resistivity R,,. which can be 
estimated to be in general at most twice the resistivity R,, of 
the mud, the resistivities recorded through MicroLogeing — 
hereinafter referred to as micro-resistivities — are never very 
high opposite permeable beds, and are appreciably related to 
the resistivity of the mud. The other part of the microvolume 

_ 1s constituted by a fraction of the solid structure of the perme- 


able bed whose pores are almost completely filled by the mud 


filtrate. The resistivity of that part of the microvolume is, 
therefore, directly related to the resistivity of the mud. 


It can easily be deduced from these considerations that the 
microresistivities measured opposite a permeable bed cannot 
generally be higher than a certain number of times the resist- 
ivity of the mud, unless the mud cake is very thin, and unless, 
simultaneously, the formation factor F is very high. A corre- 
sponding limit R,,,, can be set at about 20 or 30 times the 
resistivity of the mud for the average case. This is why one 
of the rules of the interpretation for the MicroLog is to classify 
as most probably impervious all formations for which the 
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microresistivities are higher than a certain limit R\,m directly 
related to the resistivity of the mud. 

Because of a smaller depth of investigation, the short spac- 
ing is more influenced by the mud cake, and, therefore, gen- 
erally gives a smaller apparent resistivity than the long spac- 
ing. This difference between the microresistivities recorded 
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FIG. 2 — MEASURING THE RESISTIVITY OF THE SMALL VOLUME 
OF GROUND SURROUNDING THE ELECTRODES 
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using two different depths of investigation is called “separa- 
tion,” and is said to be positive when the longer spacing gives 
the larger resistivity. When there is a large percentage of 
“positive separation,” the formation can almost certainly be— 
interpreted as permeable. 


When the pad is applied to an impervious bed of low re- 
sistivity, both spacings measure substantially the same resistiv- 
ity, which is that of the formation, and there is no appreciable 
separation between the microresistivity curves. If the resistivity 
of the impervious bed is very high, the microresistivities can 
differ appreciably from the formation resistivity, but they are 
both higher than the limit R,,,, above which beds should be 
classified as impervious. For intermediate values of the resist- 
ivity, and because of the limited dimensions of the pad, a sepa- 
ration between the microresistivity curves is sometimes ob- 
served on impervious beds, but, in that case, the separation is 
negative, i.e., the longer spacing gives the smaller value of 
the apparent resistivity, so that there can be no confusion in 
the interpretation. 


These different features of the interpretation will be dis- 
cussed with more details in a later section. 


DESCRIPTION OF THE EQUIPMENT 


The MicroLogging apparatus consists essentially of a rub- 
ber pad, which is pressed against the wall of the drill hole, and 
in the face of which are inserted a certain number of elec- 
trodes. Several distributions of electrodes have been experi- 
mented with. One of the distributions is represented in Fig. 
1A and 1B. The electrodes are nearly flush with the rubber 
surface, or slightly recessed, and each of them is connected by 
an insulated wire to one of the conductors of the cable used 
to lower the apparatus into the hole. 


The rubber pad is molded on one of the branches of a spring 
guide whose design is such that the pressure applied to the 
pad is approximately independent of the diameter of the hole, 
provided that this diameter remains between certain limits 
which, for one of the guides presently in use, are respectively 
414-in. and 16-in. The rubber pad fits the wall of the drill 
hole over a substantial area surrounding the electrodes because 
of its shape and the pressure exerted upon it. The pad also 
shields the electrodes from the mud column, while the ele:- 
trodes themselves are in direct contact either with the forma- 
tion, or with the mud cake between the pad and the formation. 


The resistivity of the small volume of ground surrounding 
the electrodes can be measured, for example, by sending a 
current of known intensity I through electrode A (Fig. 2), 
and by measuring, with galvanometer G,, the potential differ- 
ence created by that current between electrode M, and the 
reference electrode N. 


Similarly, a slightly larger volume of ground can be taken 
into account by measuring, with galvanometer G,, the potential 
produced at electrode M, by the same current. Because the 
spacing A M, is twice as long as the spacing A M,, the corre- 
sponding investigation is also twice as deep. This is an impor- 
tant feature of the system; it is possible not only to measure 
the average resistivity of the ground under the pad, but also 


+ The word “separation” has been introduced instead of the word “‘de- 
parture’’, previous y used in the preprint of this paper. in order to pre- 
vent any confusion with the quite different acceptation of the word 
departure in the expression “resistivity departure curves. 


PETROLEUM TRANSACTIONS, AIME see 


T.P. 2880 


to determine whether or not the resistivity varies with depth 
from the pad. This determination is of significance, for a 
resistivity variation with depth from the pad usually occurs 
when there is a mud cake. 

Electrode combinations other than A M, and A M, can, of 
course, be used. When a current is sent through electrode A, it 
is also possible to measure the potential difference between 
electrodes M, and M.. The three-electrode system A M, M, is 
more influenced by the mud cake than the two-electrode sys- 
tem A M,, so that a combination of the device A M, M, and 
the device A M, would generally give a larger separation oppo- 
site permeable beds than a combination of the two devices 
A M, and A M.. 

To simplify the wording, the two electrode and three elec- 
trode systems are called “micro-normal” and “micro-inverse” 
devices, respectively. 

On most of the pads presently in use, the three electrodes 
are placed on a vertical line, in the middle of the pad, with a 
spacing of l-in. between the successive electrodes. Three elec- 
trode combinations are thus obtained, which are listed here- 
below for reference: 


Measuring Device References 


l-in. micro-normal (or 1-in.) 
2-in. micro-normal (or 2-in.) 
l-in. x ]-in. micro-inverse 

(or l-in. x ]-in.) 


A M, micro-normal 
A M, micro-normal 
A M, M, micro-inverse 


i The expression ‘‘micro-lateral’’ has been sometimes used instead of 
“micro-inverse.”” It shoulda be pointed out, however, that MicroLogging 
Cevices, because they have much smaller depth of investigation and be- 
cause the electrodes are shielded from the mud column, are different 
from the normal and lateral devices used in conventional logging.‘ 
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The combination of the l-in. x l-in. micro-inverse and the 
2-in. micro-normal is preferred at the present time. 
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The electric circuit. used for the recording of the micro- 
resistivity curves is somewhat similar to that used for conven- 
tional logging. Changes have been introduced, however, to 
compensate for the high resistance to ground of the small 
electrodes. 


INTERPRETATION OF MICROLOGS 


A discussion of the interpretation of the MicroLogs will be 
aided by placing the different cases usually encountered in 
practice into categories, which will be illustrated by schematic 
drawings (Figs. 3, 4, 5 and 6). Each category will be given a 
reference letter, namely, I,, L, I, (Impervious beds), P,, P: 
(Permeable beds). These letters will be placed on the field 
examples exhibited (Figs. 7 through 12) at the levels of each 
section of bore hole which can be considered as belonging to 
the corresponding category. 


Highly Resistive Impervious Formations 
(Category I,) 


In impervious formations of high resistivity —i.e., whose 
resistivity is, for example, more than 50 times that of the mud 
—all the microresistivities are high. Because the wall of the 
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drilled hole is generally somewhat rugose, the rubber pad can- 
not fit perfectly against it, and a sort of mud film may remain 
between the two. For that reason, and also because of the 
limited dimension of the rubber pad, the apparent resistivity _ 
recorded on the MicroLogs can be substantially lower than 
the true resistivity for that type of formation. When the forma- 
tion resistivity is very high, the rugosity of the wall, which 
causes a mud film to remain under the pad, almost entirely 
controls the microresistivities. Too much importance should, 
therefore, not be attributed to the absolute values determined 
for the microresistivities, nor to the amount and type of sepa- 
ration between the two curves. 
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FIG. 10 — EXAMPLE OF MICROLOG IN VUGULAR LIMESTONE 
(ELLENBURGER) 
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The diagnostic is based on this category on the fact that all 
microresistivities are superior to a certain limit Ry; which, 
as said before, can be taken equal to about 20 or 30 times 
the resistivity of the mud in the average cases. Such high 
microresistivities on both MicroLogs could not normally be 
recorded for a permeable formation. Both the invaded zone of 
the permeable formation and the mud cake would contribute 
to lower the apparent resistivity on the MicroLogs, and keep 
at least one of them, the l-in. x 1-in. lateral or the 1-in. normal, 
under the limit Ryin.- 


The case of a compact bed of high resistivity is illustrated 
on Fig. 3, where it is supposed that the formation is more than 
200 times as resistive as the mud, and that there is, between 
the pad and the formation, a uniform mud film 1/64-in. thick. 
The order of magnitude of the different microresistivities is 
about the same, but there can be a slight separation, either 
positive or negative, depending on the shape of the pad, the 
rugosity of the wall, the ratio formation resistivity to mud 
resistivity, etc. 


Impervious Beds of Low Resistivity 
(Categories I, and I;) 


Fig. 4 represents the case of an impervious bed whose 
resistivity has been assumed to be five times the resistivity Ry 
of the mud. The resistivity diagram on the right of the figure 
illustrates the fact that the resistivity is uniform and does 
not vary with the distance from the pad, as would occur for 
a permeable bed. This diagram also shows the resistivity scale 
in relation to the resistivity R,, of the mud. 


The rectangles at the left of Fig. 4 represent, at the same 
scale, the respective values of the different microresistivities 
that would be obtained in that case and the formation resistiv- 
ity R,. The apparent resistivities measured on the different 
micro-resistivity logs are slightly lower than the true resistivity 
R, of the formation, because of the limited dimensions of the 
pad. 


When the resistivity of the impervious bed is not much dif- 
ferent from that of the mud, there is practically no separation 
between the microresistivity curves (Category I,). When, on 
the contrary, the resistivity of the impervious bed is appre- 
ciably higher than that of the mud, there is generally, at least 
with the pads presently used, a substantial negative separation 
which is characteristic of an impervious bed (Category I,). 


Permeable Beds (Categories P, and P.) 


At the level of a permeable formation, the rubber pad slides 
over the mud cake against which it is applied, and the mud 
cake itself is separated from the uncontaminated part of the 
formation by the invaded zone, wherein the original fluid has 
progressively been replaced by mud filtrate. 

Two cases must here be considered, depending on whether 
_ the invaded zone is less or more resistive than the uncontami- 
nated zone. 

The first case, which is the simplest as far as interpretation 
of the MicroLogs is concerned, is represented on Fig. 5, which 
is similar to Fig. 4 already discussed, except that now the 
resistivity varies in the formation with the distance from the 
pad. Here again, the abscissae on the diagram represent the 
depths from the pad, while the ordinates show the resistivity 
of the ground at the corresponding depths. 
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The resistivity R,. of the mud cake has been assumed to be 
twice the resistivity R,, of the mud. The resistivity Rx, imme-. 
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FIG. 11 — BED TESTED IN SPITE OF MICROLOG NEGATIVE INDICATION. 
NO FLUID RECOVERED AFTER CASING SET AND PERFORATED 
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FIG. 12 — BEDS CONSIDERED AS TIGHT FROM CORE EXAMINATION 
AND SUBSEQUENTLY PUT TO PRODUCTION ON MICROLOG 
INDICATIONS 
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diately behind the mud cake, where the permeable bed should 
be practically saturated by mud filtrate, has been taken equal 
to 10 times R,,; this would correspond to a value of 10 for the 
formation factor, if the saturation by mud filtrate is complete,’ 
and if the pores are reasonably free of conductive solids.’ 
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FIG. 13 — APPLICATION OF MICROLOG FOR A MORE ACCURATE 
DETERMINATION OF SAND COUNT IN SHALY SAND 
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On the left of Fig. 5 are represented, at the same scale, the 
approximate values of the microresistivities that would be ob- 
tained in that particular case from the MicroLog. As can be 
seen, the separation is positive and quite substantial. This 
result is general when R, is larger than Rx,. A large positive 
separation between microcurves is characteristic of a perme- 
able bed, provided, however, that the resistivity measured by 
the l-in. x l-in. lateral, or by the l-in. normal, be lower than 
approximately 30 times that of the mud (Category P.). 


The interpretation is less definitive for beds, such as salt- 
water bearing beds, where the resistivity of the invaded zone 
is larger than that of the uncontaminated zone. This is par- 
ticularly true when the mud is of the low water-loss type, with 
the consequence that the mud cake is thin and the formation 
is invaded by the mud filtrate to only a short distance from 
the wall. 


When the mud cake has an appreciable thickness, and when, 
simultaneously, the depth of invasion is large enough, the 
micro-resistivities measured with the different electrode com- 
binations show good positive separations (Category P.,). This 
case is represented on Fig. 6a. For a smaller penetration of 
the mud filtrate into the permeable bed, the separation would 
disappear (Category P,), as represented on Fig. 6b. For still 
less invasion, the separation might even be slightly negative, 
as represented on Fig. 6c, but this negative separation never 
exceeds 20 per cent (Category P,). 


On the left-hand side of Figs. 6a, 6b and 6c are represented 
the approximate resistivities that would be measured on the 
MicroLog in the different cases, and for the different electrode 
combinations with the assumption that Rx, is about 5 times as 
high as the resistivity of the mud cake, which again corre- 
sponds to a formation factor of about 10. With them are also 
represented the formation resistivities. When the separation 
between the microresistivities is small, nil, or slightly re- 
versed (within 20 per cent), the interpretation can be aided 
by the fact that these miroresistivities are larger than the 
formation resistivity, contrary to what would normally happen 
for an impervious bed of low resistivity, as discussed in con- 
nection with Fig. 4 above. It is simpler, however, to refer to 
the SP log to resolve the ambiguity in this case. 

In all the cases represented in Figs. 3, 4, 5 and 6, the micro- 
resistivity corresponding to the l-in.x l-in. lateral could be 
computed with reasonable accuracy. The microresistivities 
corresponding to the l-in. and 2-in. normals are only approxi- 
mate, because the effect of the limited size of the pad cannot 
be accounted for accurately with these devices. © 

It is interesting to notice that the microresistivity for the 
l-in. x l-in. lateral is the same for the different cases repre- 
sented on Figs. 4, 5 and 6, which cases differ only by the value 
of the true resistivity R, and the depth of invasion by the mud 
filtrate. This illustrates the fact that the microresistivities, 
when measured with an electrode combination having a very 
small depth of investigation, are essentially responsive to the 
resistivity Rx, of the invaded zone and to the thickness and 
resistivity of the mud cake. 


SUMMARIZED RULES OF INTERPRETATION 


From the above discussion, it is possible to derive a certain 
number of simple rules of interpretation for the microresistiv- 
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ity logs of formations, whereby two electrode combinations 
of different depths of investigation have been run simultane- 
ously. These rules which will apply in the great majority of 
cases, are schematically represented on Chart I. 

Case I1— The two microresistivities are higher than Riim, 
that is, higher than about 20 or 30 times the mud resistivity. 
The formation then under study is a compact one, and should 
be interpreted as impervious, regardless of the separation 
(Category I). 

Case 11 —The microresistivity determined by the shorter 
spacing, generally 1-in. x l-in. lateral, is smaller than the limit 
Riim- In that case, the sign and magnitude of separation 
should be examined, and, in case of doubt, the ambiguity 
resolved by reference to the SP log. This gives the following 
interpretation categories: 

(a) Large negative separation (more than 20 per cent) — 
the formation is impervious (Category I.). 

(b) The separation is not definite enough (less than 20 
per cent) —the MicroLog alone cannot determine, in general, 
whether the formation is permeable or not in this case, except 
that, when the resistivities of all formations are known to be 
much higher than that of the mud, the fact that the micro- 
resistivities are comparatively low gives a good probability 
that this is due to mud infiltration in a permeable bed. The 
ambiguity, if any, can be resolved by noting the trend of the 
SP curve. If that trend is positive, i.e., if the convexity is 
toward the positive side, or if the SP is on the positive limit 
(shale line), then the bed must be interpreted as impervious 
and the MicroLog gives its exact boundaries (Category I,). 
If, on the contrary, the trend of the SP log is negative, the 
bed is permeable, and again the MicroLog gives the accurate 
boundaries (Category P,). 

(c) Large positive separation (more than 20 per cent) — 
the formation must be permeable (Category P.). 


Remarks 


1. It is indeed wise to check the trend of the SP log in any 
case; unless this log is completely flat, it should always be 
possible to determine the trend of the SP. 


When the mud is saturated with salt, the SP curve is usu- 
ally flat. For limestone formations, however, there should be 
little doubt about the interpretation of the MicroLog in that 
case, because the permeable beds, which are invaded by the 
saturated mud filtrate, should be the only ones to give micro- 
resistivities lower than the limit Rj,,, which itself is lower 
than the true resistivity of all impervious beds. The interpreta- 
tion can then be based on the observation of the lows in the 
MicroLog, while a good positive separation, if it exists, brings 
a useful confirmation. 


2. The interpretation is also facilitated by the consideration 
of the conventional resistivity log, insofar as this log makes it 
possible to evaluate the true formation resistivity Ry. 


When the value of the microresistivity R,,;.., is less than 
Riim, it can reasonably be assumed that a bed cannot be im- 
pervious unless R, is comprised between values respectively 
equal to about Rivicro and 2 Rinieroe When R, is between the 
two values, the SP log will generally give a definite anomaly 
that will make the interpretation safe. When R, is not between 
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the above limits, there is a strong probability that the bed 
is permeable. 


3. In the particular case of a highly resistive permeable 
bed, with a comparatively conductive invaded zone, and inter- 
bedded with shales and highly resistive compact formations, 
the SP log may show no appreciable deflection with respect 
to the shale line. But, in that case, a good correct separation 
should be obtained from the MicroLog. 


Exceptions to the Rules 


There are a few cases which do not-fall within the simple 
cet of rules discussed in the previous section. Fortunately, 
these cases are rare, and the ambiguity can generally be 
resolved if the remarks made in the previous section are taken 
into account. 


A first exception, which is obvious, corresponds to cavings 
whose diameters are larger than the maximum expansion of 
the spring system. If, in such a case, the pad remains a few 
inches from the wall, the two microresistivities will be equal 
to the resistivity R,, of the mud, irrespective of what the 
formation is. If, on the contrary, the pad happens to be near 
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to the wall, the 1-in. x l-in. micro-inverse will measure approxi- 
mately the resistivity of the mud, whereas the 2-in. micro- 
normal will already be substantially affected by the forma- 
tion resistivity. Inasmuch as the formation resistivity is usu- 
ally higher than that of the mud, even for a conductive shale, 
there. will be a positive separation between the MicroLogs 
which could be falsely interpreted as indicating a permeable 
bed. These two cases can generally be detected by observing 
the abnormally low value given by the short spacing (1l-in. 
x l-in.) micro-inverse for which the microresistivity is fre- 
quently close to R,, in that case, and they would not fail to 
be recognized if a section gauge log were run, as is highly 
recommended when large cavings might exist. In those cases, 
the MicroLog indications should be disregarded, and the 
interpretation based on the conventional log, and, in particu- 
lar, on the SP log, as far as the determination of the perme- 
able beds is concerned. 
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The interpretation rules could also be at fault if the mud 
cake, instead of being built on the wall, and within the hole, 
were built within the pores of the permeable bed. This case 
has not been encountered yet, but it seems that it could occur 
in coarse grain sands. If that did happen, the part of the 
permeable bed where the pores are filled with the mud deposit 
would be a little more resistive than the invaded zone behind. 
with the result that the 1-in. x 1-in. micro-inverse would meas- 
ure an apparent resistivity slightly higher than that measured 
by the 2-in. normal. This would result in a negative departure, 
and the bed might, therefore, on the basis of the MicroLog, 
be falsely classified as impervious. Here again, the SP log 
would generally settle the question. 

Other exceptions, which have not yet been observed, may 
exist and will reveal themselves when more examples are ac- 
quired. For that reason, it will always be useful to confront 
the indications given by the MicroLog with those obtained 
from the SP log, and also from the conventional resistivity 
logs, supplemented by the section gauge log when large cav- 
ings are to be expected. 


FIELD EXAMPLES 


Fig. 7 shows an example of a MicroLog recorded in a se- 
quence of shales and limestone. In this instance, most of the 
compact beds give rise to microresistivities which are defi- 
nitely higher than 30 R,,, so that the discrimination between 
permeable and impermeable formations is particularly easy. 
The permeability record, provided by core analysis, was avail- 
able in this hole and is reproduced in the figure, as a check 
on the indications of the electrical logs. 

In Figs. 8 and 9, sequences of sands, sandstones, limestones 
and shales are exhibited. At the upper part of Fig. 9, a sharp 
depression in the MicroLog brings the microresistivity down 
to approximately the resistivity R,, of the mud, a fact which 
is almost a certain indication of caving. This interpretation 
is confirmed by the section gauge log. 

Fig. 10 shows the behavior of the MicroLog in the case of 
a thick limestone formation (Ellenburger), composed of com- 
pact zones and of fissured zones with vugular porosity. 

Fig. 11 shows a limestone bed (cross-hatched zone), which 
corresponds to a deflection of the SP log, and which, however, 
appears as being impervious on the MicroLog. (Resistivity 
recorded on the MicroLog higher than 20 R,,—Category I.) 

Despite the interpretation given by the MicroLog, the sec- 
tion was tested by gun perforation according to the deflection 
of the SP curve, and also to other indications (oil shows in 
cuttings . . .). No fluid was recovered. This is one among the 
numerous examples of formations which give rise to SP 
anomalies, although the permeability is too low for a com- 
‘mercial production to take place. In such cases of very low 
permeability (some fractions of a millidarcy), there is prac- 
tically no penetration of mud filtrate, and therefore no mud 
cake built up. The MicroLog shows the formation as being 
tight, and therefore supplements, in a very useful way, the 
information given by the SP log. 

Fig. 12 shows an example of sandstones (cross-hatched sec- 
tions) which, contrarywise, had been first considered as tight, 
from core examination, and despite the negative deflection of 
the SP curve. The MicroLog shows low resistivities opposite 
these sections with a slight positive separation, which is a 
definite indication of permeability (Category P,). It was 
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accordingly decided to test the formations and production of 
gas was obtained. 


Figs. 13 and 14 illustrate the features of the MicroLog in 
sequences of non-consolidated sands and shales, such as those - 
commonly encountered in the Gulf Coast or in analogous 
geological provinces. In these regions, the conventional SP and 
resistivity logs differentiate very well the different sections 
where sands or shales are respectively predominant, but they 
are not capable of delineating each separate sand or shale 
streak, if these are thin. A very detailed record of the indi- 
vidual permeable and impervious beds is obtained from the 
MicroLog, as shown on the figures. This result is of interest 
for an accurate determination of the proportion of shale and 
sand in shaly sands, or, in colloquial terms, for the evaluation 
of the “sand count.” 


POSSIBILITIES OF QUANTITATIVE 
INTERPRETATION 


To date, the MicroLog has been used primarily for a quali- 
tative determination of the permeable beds and an accurate 
determination of their boundaries. It must be kept in mind, 
however, that the microresistivities measured for permeable 
beds are largely dependent on the resistivity and thickness of 
the mud cake, and on the resistivity Rx, of the formation 
immediately behind the mud cake. It is possible that the 
developments presently under way could bring the Micro- 
Logging equipment to a point where Rx, and the thickness of 
the mud cake could be determined quantitatively from 2 mico- 
resistivity curves. Pads which give a better fit on the wall of 
the hole, circular concentric electrodes and improved electric 
circuits are some of the steps being taken to raise the eff- 
ciency of the interpretation of the MicroLog, not only for its 
pre-ent qualitative use, but also in the hope that it might 
eventually lead to quantitative determinations. 

When the first few inches of the permeable bed immediately 
behind the mud cake are practically saturated with mud fl- 
trate, and when the mud cake is entirely built outside of the 
formation, and not partly within its pores, Rx, is equal to 
F Rus, and, therefore, gives a direct measure of the formation 
factor F if the resistivity R,,; of the mud filtrate at the corre- 
sponding temperature is known. The possibility of determining 
the formation factor in situ and continuously would obviously 
be of great interest because of the close relation of that factor 
with the porosity’, at least when the permeable material is 
reasonably free from conductive solids such as clay.’ 


It is more difficult to predict whether useful information 
could be derived from the thickness of the mud cake. Since 
laboratory experiments’ have shown that, for a given mud, the 
thickness of the cake and the water loss are constants which 
do not depend on the nature of the permeable formation, and 
particularly on its permeability, it is logical to expect that 
all the mud cakes in a given hole will be found to have the 
same thickness. It is, however, possible that, even if the thick- 
ness of all mud cakes should be the seme in a given well, a 
determination of that quantity would give valuable informa- 
tion about the behavior of the mud itself in the drill hole 
conditions. If further experience happens to show that the mud 
cake thickness varies from bed to bed, these variations could 
likely be related to some particular properties of the perme- 
able formations, which might be of interest. 
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CONCLUSION 


A new electrical logging method, called MicroLogging, has 
been discussed. This method makes use of electrodes applied 
to the wall of the drill hole under a non-conductive pad which 
shields them from the mud column. Two different microre- 
sistivity logs are recorded simultaneously, with two different 
electrode systems, which both correspond to very small elec- 
trode spacings. 

Permeable beds are, in general, clearly indicated on the 
MicroLogs by a positive separation between the two micro- 
resistivity curves. Even when the separation is not definite, 
the interpretation is easy, thanks to simple rules based on the 
magnitude of the microresistivities, and on the behavior of 
the SP log. In all cases, the boundaries of the permeable beds 
are determined with great accuracy. 

The MicroLog is, therefore, an important addition to the 
conventional electrical log, and should contribute to a better 
and more accurate determination of the permeable beds, par- 
ticularly in limestone territories. Because of its accuracy in 
the determination of boundaries, the Microlog should also 
render important services in sand and shale formations, where 
it could appreciably increase the accuracy of the sand count. 

Finally, it is hoped that the MicroLog, after appropriate 
improvements, will permit quantitative determination and pro- 
vide an approach toward the evaluation of porosity. 
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DYNAMOMETER CHARTS AND WELL WEIGHING 


L. W. FAGG, JOHNSON-FAGG ENGINEERING CO., TULSA, OKLAHOMA ie: 


The purpose of this paper is to pre- 
sent in a convenient form data and 
examples necessary in making dyna- 
mometer card analyses; also to outline 
a procedure of well weighing. 


Many articles and papers have been 
written delving into the mathematical 
considerations relative to the shape and 
characteristics of dynamometer cards. 
However, it is recognized that there are 
too many unknown factors involved in 
such calculations to assure a workable 


_degree of accuracy. For this reason the 


accepted procedure is to take dyna- 
mometer cards on wells in question 
rather than try to calculate the load 
curve. 


The--polished rod dynamometer is 
now recognized as a necessary tool for 
measuring loads, torque, and_horse- 
power. It is also used to determine 
pump action and trouble-shoot for any 
seemingly abnormal pumping condition. 


The apparently infinite variety of 


MAX. LOAD 550 LBS 
MIN. LOAD 5330 
RANGE 4.617 
SPEED 12 SPM 
STROKE 24 IN 

POL. ROD HP 2.06 
TIME 12:09 PM 


MEAS. CB EFFECT 

a = maximum load (height x scale constant) 

b = minimum load. Range of load is difference 
between maximum and minimum load 

speed — taken with stop watch 

stroke —measured at polished rod 

¢ = beginning of down stroke in direction of 
arrow. (End of up stroke) 

d= beginning of up stroke. (End of down 
stroke). 

Polished Rod Horsepower = 

(Area of card) x Scale const. x Stroke x Length 

x spm 


(Length of card) 


33000 x 12 
x 5300 x 24 x 12 


2.53 


33000 x 12 
Approximate Peak Torque: 
Upstroke = (2390) (12) (1) = 28,700 in. Ib 
Downstroke = (1860) (12) (.866) 
= 19,300 in. Ib 
Counterbalance should be increased to make 
up stroke and down stroke peak torque equal. 
FIG. 1 


= 2.06 


Manuseript received at the office of the Pe- 
troleum Branch September 15, 1949. Paper 
presented at the Petroleum Branch meetings in 
Columbus, Ohio, September 26-27, and San 


Antonio, Texas, October 5-7, 1949. 


dynamometer cards that can be ob- 
tained is one reason for the general lack 
of usage of the dynamometer as a con- 
trol instrument rather than a means 
for making routine measurements of 
loads and horsepower. When it is con- 
sidered that the dynamometer card is 
a record of the resultant of all forces 
acting on the polished rod at any par- 
ticular instant during the pumping 
stroke, the problem is then one of 
breaking down this resultant into its 
various components. As a means’ of a 
quick review we shall consider the ex- 
amples shown in Figs. 1 to 9, and 
Tables I and II and then proceed to the 
interpretation of variously shaped cards 
caused by some abnormal operating 
condition. 

In Table II, when we were considering 
the factors involved in calculating the 
peak polished rod load, it can be seen 
that the factors involved greatly over- 
simplify the problem. Certain assump- 
tions are made which may or may not 


Load at TU = 3070 Ib 


be even close to the actual field con- 
ditions, such as the specific gravity of 
the fluid generally considered as one; 
that the crank has constant angular 
velocity; that the down-hole friction is 
zero; and that the fluid lift is from the 
pump. In the following examples we 
shall see what a variation in fluid 
weight and friction can do to the gen- 
eral shape and magnitude of the dyna- 
mometer card. (Figs. 10 to 22.) 


MAKING THE WELL STUDY 


It is obvious that it would be im- 
practical to consider in detail all of 
these factors each time a well study is 
made, inasmuch as each well study job 
could conceivably be extended into a 
research project rather than serve the 
practical requirements of finding the 
answer to a specific problem. For this 
reason it is important that some objec- 
tive be established previous to the time 
the well study is made. 


0° 30° 60° 


Crank angle when polished rod is at position TU = 4 


6 = 30° 


Maximum counterbalance effect at polished rod = 2760 Ib 
Torque at TU = (Load at TU — Max. counterbalance effect-lbs) sin 6 x Length of Stroke 


= (3070 — 2760) .5 x 24 = 1860 in. lb 


2 


2 


Torque at TD = (Load at TD — Max. counterbalance effect-lbs) sin 0 x Length of Stroke 


2 


= (530 — 2760) sin 330° x 24 = 13,400 in. Ib 


2 


Note: sin @ from c to d on UPSTROKE will be positive value. 
sin 0 from c to d on DOWNSTROKE will be negative value. 
Torque at c and d is zero because @ is zero. 


FIG. 2 — APPROXIMATE METHOD FOR CALCULATING TORQUE 
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In general the primary objectives are: S28 
(1) Information to be used as a basis 226 
for design of new installations; (2) O24 
Factual data to be used as a means for as 
analyzing equipment failures; (3) In- 520 


formation necessary for proper control 2 18 
resulting in efficient pumping operation. e nf 
In order to satisfy the first consider- 
ation, design calculations as shown in 
Fig. 5 should be checked against dy- 
namometer cards taken under compar- 
able conditions. The pumping unit is 
usually designed to meet the capacity ba 


demand that will be expected, whether 90 120 150 BON 212 240 270 300 330 360 


QoS Hermes 


TORQUE — THOUSAND 


‘this be in the first or last stages. The ef i BET HERE 180° \¢€ he DOWNSTROKE 360° 
bottom hole pump and sucker rod 
string, being more easily replaceable, 
3 WELL NO. 1 
are generally designed to meet the op- Counter loddCounter 
erating conditions anticipated for a rea- Angle Sine Load Balance Balance Torque 
sonable ti i ; 0° 0 1060 2760 — 1700 0 
so e WEG in the ae 30° 5 3070 2760 310 1860 
If equipment failures are causing 60° 866 4290 2760 1530 15900 
high operating expense, a bar chart 90° 1.000 5040 2760 aes — 
: : : : 120 .866 4980 2760 
such as shown in Fig. 4 will show fail- 150° 5 4980 2760 2220 13300 
ure frequency and serve as a guide 180° 0 4870 2760 2110 0 
when the well study is made. For in- 210° ee 3340 2760 580 = 3480 
t f Pott k ab e 240 — .866 1850 2760 — 910 9460 
stance, if most of the sucker rod breaks 270° — 1.000 1960 2760 — 800 9600 
are in the top of the string, then a way 300° — 866 955 2760 —1805 18750 
° 
should be found to reduce the peak 330° — 5 530 2760 —2230 13400 
dead Uitte taal c h k 360 0 1060 2760 — 1700 0 
Odd- the lailures are in the sucker Torque may be figured at 15° intervals if more points are desired. 
FIG. 3 
ANALYSIS RECORD OF SUB-SURFACE REPORT NO. 
EQUIPMENT FAILURES AGI eS LEASE 
LOCATION WELL NO. 
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Sande peg 


rod joint, then special attention should 
be given to joint makeup. 

The dynamometer is now coming into 
wider use as a control instrument. After 
the proper equipment has been installed 
it is then important that it be adjusted 
to operate efficiently and under the 
most favorable load conditions. 


L. W. FAGG 


The simplest way to do this is to take 
dynamometer cards at various speeds 
in order to determine the best load 
conditions that will give the desired 
production. The three variables that 
may be altered to satisfy this condition 
are the speed, stroke length, and pump 
size. Obviously, there is an optimum 


Table I — Calculation of Apparent Volumetric Efficiency of Pump 


Theoretical Production=Strokes per minute x Length of stroke x Pump constant. 
Apparent Volumetric Efficiency =Actual Production—As measured 


Theoretical Production 


PUMP CONSTANTS 


Size 34" 134,” 1” 1! Me 14” 144” 134” Q” 21” 26” 234” 334” 4” 
Constant... .065 .095 .117  .132 .182 .262 807 466 .590 . 728 .881 1.64 1.86 


PUMP SIZE 2-3/4" BORE 
SUCKER RODS 7/8" 2800! 


LENGTH OF STROKE 64" 
SPEED OF OPERATION 22.2 SPM 


74" STROKE GIVES EXCESSIVE 
TORQUE 

54". STROKE LIMITED BY SPEED- 
RODS WILL NOT DROP FASTER 
THAN 26 SPM 


STATIC DYNA- 
MIC 
SUCKER ROD LOAD 6150 9120 


FLUID LOAD 6500 
PEAK POL.ROD LOAD 


UNIT LOAD ON RODS 26000 PSI 


APPROX, COUNTERBALANCE 


EFFECT NEEDED 9000# 


CALC. MIN. LOAD 2000# 


CALCULATED PEAK TORQUE 
UPSTROKE 212000 In.1t 
DOWNSTROKE 224000 In. 


HYDRAULIC HORSEPOWER 
ASSUMING SP.GR. 1.00 - 20.7 


APPROX. ENGINE HORSEPOWER 
41.0 to 52.0 


FIG. 5—DESIGN OF PUMPING INSTALLATION — 2800’ WELL. PRODUCTION 1000 BBL/DAY. 


BARRELS/DAY (80% EFF. ) 


- ALSO PSI 


LOAD IN LBS, 


HORSE POWER 


. 


Cre 
AW 
ae ell 


pare! 
ee 
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condition that will result in the least 
load and consequently the most trouble 
free operation. 

In making a well study one of the 
most important considerations is to get 
a representative dynamometer card for 
the normal speed of operation. This is 
analogous to getting a representative 
sample of an oil-water mixture when 
metering a well’s production. 


When it is considered that a well op- 
erating at 20 strokes per minute makes 
approximately 28,800 strokes per day, 
it is easy to see that representative 
strokes are not always recorded. A pro- 
cedure to lessen the possibility of an 
error of this kind is to take at least 
three dynamometer cards at intervals of 
fifteen minutes apart at the normal 
speed of operation. If these cards re- 
peat or nearly repeat in shape it is rea- 
sonably safe to assume that representa- 
tive cards have been taken. It is also 
advantageous to take dynamometer 
cards at various speeds throughout the 
considered pumping range so that the 
well may be operated under the most 


MAX. LOAD 15,400 LBS. 
MIN. LOAD 4680 © 
RANGE 10,720" 
SPEED 20 @PM 
a STROKE 54 IN 
cB POL. ROD HP 16.3 
TIME 10:20 AM 
Sage MEAS. CB EFFECT 9,220 LBS. 
APPROX. PEAK TORQUE: 
ERO UPSTROKE 160,000 IN. LBS. 
DOWNSTROKE 124,400" * 
a—TRAVELING VALVE OPENS AT BEGINNING OF 
DOWNSTROKE. 
b-TRAVELING VALVE CLOSES - UPSTROKE. 
FiG.@ 
MAX. LOAD 8,500 LBS. 
MIN. LOAD 2,700 » 
RANGE 5,800 " 
SPEED 19 SPM 
STROKE 54 IN. 
b POL. ROD HP 8.05 ‘ 
2 TIM : M 
ZERO DEPTH 3275 FT. 
AN EY 75.6 % 
MAX. LOAD 13,200 LBS. 
MIN. LOAD 5,800 «= 
RANGE 7,400 * 
5 SPEED 17 SPM 
STROKE 44 IN. 
a POL. ROD HP 7.86 
TIME 4:02 PM 
DEPTH 3925 FT. 
ZERO AV.E. 35 % 


FIG. 7 —TYPICAL FLUID POUND; APPARENT 
VOLUMETRIC EFFICIENCY SHOWS VARIOUS 
STAGES OF PUMP OFF CONDITION. 


POL. ROD HP 9.1 
ENGINE RPM 1043 
TIME 1:25 PM 
ZERO 
MAX. LOAD ‘13,700 LBS. 
MIN. LOAD 11,000 * 
Oe RANGE 2,700 * 
a ae SPEED 16 SPM 
STROKE 64 IN. 
POL. ROD HP 3.1 
TIME 1:35 PM 
ZERO 


FIG. 8 — GAS POUND 
VARIOUS STAGES ON SAME WELL. 
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MAX. LOAD 14,000 LBS. MAX. LOAD _—21,000 LBS. 
MIN. LOAD 4/000 " MIN. LOAD 3,700 
ee ee pe 

“ly Zz 2.5 SPM 
GY A STROKE aa IN STROKE 741N. 
Uy POL. ROD HP 3.5 
NN TIME 1:47 PM 
POL. ROD HP 30.7 - 
ENGINE R 
ZERO TIME 8:30 AM 
BEFORE fNSTALLATION OF DUAL PUMP 
ZERO 
MAX. LOAD 15,500 LBS. 
MIN. LOAD yeas X. LOA 20,700 LBS. 
RANGE 10,000 * wie rare tout 
SPEED 20 SPM 16-700 * 
STROKE 44 IN. 19 SPM 
POL. ROD HP 3.1 STROKE 74 IN. 
a TIME 3:15 PM POL. ROD HP 30.5 
ZERO. ENGINE 780 RPM 
FIG. 9 — WELL IS AGITATING AND FLOWING. SHADED AREA pee TIME 3:15 PM 


SHOWS NEGATIVE TORQUE. 
AFTER INSTALLATION OF DUAL PUMP 
ZERO 


MAX. LOAD 19,800 LBS. 
MIN. LOAD 2,000 « 
Pee 172800 * FIG. 10 
SPEED 22 SPM MAX LOAD 20,700 LBS. 
STROKE 44 IN. MIN. LOAD 1,4 O00R 
POL. ROD HP 18.8 RANGE 12,930 " 
oh ae eee 30 RING PUMP PLUNGER SPEED 16 SPM 
STROKE 64 IN. 
Fa POL. ROD HP. 8.9 
THOOOs = ee MAX. LOAD 17,000 LBS. ENGINE RPM 810 
MIN. LOAD 2,000 zero. TIME 12:30 PM 
RANGE 15,000 * —————— eee BEFORE 
SPEED 23 SPM ; 
STROKE 44 IN. 
) POL. ROD HP 18.5 
15 RING PUMP PLUNGER MAX. LOAD 17,700 LB 
MIN. LOAD 9,800 " 
RANGE 7,900 " 
SOOO. eT MAX. LOAD 14,800 LBS. SPEED 16 SPM 
MIN. LOAD 3,000 " STROKE 64 IN. 
BENGE 15800 " POL.ROD HP 9.4 
STROKE 44 IN. one pee 
POL. ROD HP 15.4 
7 RING PUMP PLUNGER ERD AFTER 
FIG. 11 — FRICTION IN PUMP. 


FIG. 12 — BEFORE AND AFTER CLEANING PARAFFIN OUT OF TUBING. 


2.000 
MAX. LOAD 32,000 LBS. 
MIN Leap. gioco MAX. LOAD 19,000 LBS. 
RANGE 24°000 * MIN. LOAD 7,000 " 
SPEED 5.8 SPM RANGE 12,000 " 
STROKE 132 IN. SPEED 22 SPM 
POL. ROD HP 25.4 . STROKE 44 IN. 
tie POL. ROD HP 19.1 
; TIME 2:30 PM 
DATE 5-26-47 
mee Oe Ie PUMPING THROUGH PACKER 
40 SS eer CER: : 
9 MAX. LOAD 24,000 LBs. ZER 
MUEEEOAD 10,000 = MAX. LOAD 14,700 LBS. 
14,000 MIN. LOAD 9,800 " 
SPEED 8° SPM RANGE 4,900 " 
os STROKE 132_1N. SPEE ‘ 
BGOGOs cn POL. ROD HP 16.8 = naa a ee 
= =: . 
4900 POL.ROD HP 9.9 
ee oe ahr 
SUCKER RODS: 2000 FT.— 1 IN. FGI fs 
ReOnt ee ie a AFTER UNSEATING PACKER 
PUMP 2 1/2 IN. X | 3/4 IN. X 22FT. RLB ZERO 
FIG. 13 — SLACK IN TUBING. FIG. 14 
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BONNER NO.1 WELL 
3-27-48 


TORQUE — IN. LB — THOUSANDS 


100 


240 


150 
CRANK ANGLE-DEGREES 


90 60 
270 300 


CRANK ANGLE- DEGREES 


POL. ROD HP 
ENGINE RPM 
TIME 


MAX. LOAD 
MIN. LOAD 

\ RANGE 
SPEED 
STROKE 
POL. ROD HP 
ENGINE RPM 
TIME 


MAX. LOAD 

MIN. LOAD 
\ RANGE 

SPEED 


ENGINE RPM 


ON 


ZER 


FIG. 15 — VISCOUS FLUID. 


17,500 LBS. 
3/400 « 
11:25 AM 
19,400 LBS. 
3,0 " 


77 
1:30 AM 


20,000 LBS. 
"000 
17,000 “ 


1:40 AM 


POL ROD HP 
ENGINE RPM 
TIME 


MAX. LOAD 

Ie MIN. LOAD 
RANGE 
SPEED 
STROKE 
POL. ROD HP 
ENGINE RPM 
TIME 


MAX. LOAD 
MIN. LOAD 
RANGE 
SPEED 
STROKE 
POL. ROD HP 
ENGINE RPM 
TIME 


ZER 


F.G. 16 — SAND PASSING PLUNGER CAUSING ABNORMAL CARD. 


16,700 LBS. 


4,000 


1:45 AM 


11,000 " 
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ie} " 
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favorable load conditions. The author 
has frequently been asked to explain 
the pumping action of a well where 
only one dynamometer card was taken 
and which may or may not be anything 
like a second load curve would be. In- 
asmuch as all analytical work and sub- 
sequent recommendations are based on 
the character of the dynamometer card, 
the importance of having a card repre- 
sentative of normal operation cannot 
be overstressed. 


CHECKING THE TRAVELING 
VALVE AND PLUNGER FOR 
LEAKS AND WEAR 
(FIG. 25) 


After the desired number of dyna- 
mometer cards have been taken a new 
sheet of chart paper should be installed 
and the traveling valve checked as fol- 
lows: The well should be stopped about 
the center of the upstroke with the 
stylii released so that the dynamometer 
is recording. The stroke component 
cord should be pulled at once. The 
recorded line represents the weight of 
the sucker rods plus the fluid weight 
on the plunger. The string should be 
pulled at about one second intervals 
and the rate of decrease of load noted. 
The time required for the load to reach 
the dead weight load of the rods will 
show how fast the fluid is leaking by 
the plunger or traveling valve. It is 
impossible by this method to differen- 
tiate between a leak in the traveling 
valve and fluid leakage past the plunger. 
The rate at which the load will equalize 
is dependent upon the plunger clear- 
ance and the depth to the pump, assum- 
ing the traveling valve is holding. Ex- 
perience in making tests of this kind in 
conjunction with inspecting pumps that 
have been pulled will show when a 
pump is worn to the extent that it 
should be repaired or replaced. 


CHECKING THE STANDING 
VALVE (FIG. 25) 


The standing valve may be checked 
for leaks in a similar manner as that 
used in checking the traveling valve 
except the well is stopped near the end 
of the down stroke when the traveling 
valve is open and the standing valve is 
closed. The stylii are released on the 
chart paper and the stroke component 
cord pulled. This line will represent the 
dead weight of the rods in fluid. If the 
standing valve is not leaking this load 
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MAX. LOAD _—‘11,000 LBS 
MIN. LOAD = 4,730. 
RANGE 6,270 
Sw) SPEED 14.5 SPM 
STROKE 44 IN 


ZERO = POL. ROD HP 7.04 


MAX. LOAD 10,500 LBS. 
MIN, LOAD 5,570 
RANGE 4,930 
SPEED 


STROKE 


POL. ROD HP 5.5 
i ae 


ZERO 
FIG. 17 — FRICTION IN STUFFING BOX 


MAX. LOAD 
MIN. LOAD 
RANGE 
SPEED 
STROKE 

POL. RODS HP 
ENGINE RPM 
TIME 


line will remain in the same position. 
If the standing valve is leaking the load 
will increase showing that the standing 
valve is leaking and thus transferring a 
part of the fluid load on to the plunger 
and sucker rod string. A leaking stand- 
ing valve then will show a build up in 
load on the polished rod under the 


above conditions. 


23,000 LBS. 
4,000 " 
19,000 " 
21 SPM 
54 IN. 
35.0 

1030 
10:00 AM 


ZERO 


MAX. LOAD 
MIN. LOAD 
RANGE 
SPEED 
STROKE 
POL. ROD HP 
ENGINE RPM 
TIME 


24,000 LBS. 
4,700 " 
19,300 ° " 
21 SPM 

54 IN. 
34.4 

1030 

10:15 AM 


ZERO 


FIG. 18 — EXCESSIVE FRICTION CAUSED BY CROOKED HOLE T.D. 4600 FT SURROUND:!NG 
WELLS 4250 FT AVERAGE. 


MAX LOAD 15,600 LBS 

MIN. LOAD 7280 

RANGE 8,320 

SPEED (5 -SPM 

STROKE 54 iN 

POL ROD HP 8.28 
eae TIME 1.30 PM 

ZERO 


MAX. LOAD 15,700 LB 


MIN. LOAD 7,550 =“ 
RANGE 8,150 # 
SPEED 16 SPM 
STROKE 54 IN. 
am 
ZERO 


POL ROD HP 9.12 
TIME : 


ZERO 


MAX. LOAD 16,000 LBs. 
MIN. LOAD 6,700 « 
RANGE 9,300 
SS ee SPEED 17 SPM 
STROKE 54 IN 
ae POL. ROD HP 10.8 
TIME : 
Bie 2:00 PM 
MAX. LOAD 17,100 LBS, 
MIN. LOAD 6,200 « 
RANGE 10,900 
SPEED 18 SPM 
STROKE 54 IN 
Se POL. ROD HP 12.08 
ERO TIME 2:20 PM 
MAX. LOAD 18,100 LBS 
MIN. LOAD 6,200 " 
RANGE 11,900 »« 
SPEED 20 SPM 
STROKE 54 IN. 
POL. ROD HP 15.6 
TIME 2:40 PM 


FIG. 19 — SPEED CHANGE. 
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CHECKING THE TUBING 
FOR LEAKS 


The same procedure used for check- 
ing the standing valve should be fol- 
lowed, but in addition the bleeder valve 
should be opened to determine whether 
the fluid is falling in the tubing. If by 
means of the previous test it is shown 
that the standing valve is not leaking 
and yet the fluid level is dropping in 
the tubing, it is evident that the fluid 
must be leaking through the tubing. 
The rate at which the fluid drops in 
the tubing is generally not fast enough 
to register a noticeable load change on 
the dynamometer. 


WEIGHING THE COUNTER- 
BALANCE EFFECT 


While the instrument is still in place 
after taking a dynamometer card, it is 


14000 14000 
SS ae 
1 a 10 


27-54 IN. SPM 


14000 30 
ao >= == 
o D 


20-54 IN. SPM 


14000 


24-54 IN. SPM 40-54 IN. SPM 
PUMPING DEPTH _ 3390 FT. 
PUMP SIZE 2 3/4 IN. PLUNGER 
SUCKER RODS 3375 FT. - 7/8 IN. 


FIG. 20 

MAX. LOAD 15,280 LBs. 

MIN. LOAD 6.210 

RANGE 9070 

: STROKE 54 IN 

| caer POL. ROD HP 7.8 

TIME 9:55 AM 
ZERO 

MAX. LOAD 14,650 LBs. 

MIN. LOAD 7/950 

RANGE 6,700 
—— SPEED 14'SPM 

5SaaSe STROKE 54 IN 

POL. ROD HP 5,7 

TIME 10:40 AM 
ZERO 

MAX. LOAD 14,670 Les. 

MIN. LOAD 81950 

RANGE 5,700 
es SPEED 0.5 SPM 

=_— STROKE 54 IN. 
POL. ROD HP 3.4 
TIME 1:05 AM 


ae 21 — FLUID IN TUBING AERATED. 


Vol. 189. 1950 


L. W. FAGG T.P. 2854 


MAX. LOAD 20,500 LBS. 
MIN. LOAD 2'000_ 
ANGE 18,500 " 
SPEED 28 SPM 
STROKE SO IN. 
POL. ROD HP 34.4 
PEAK TORQUE 231,000 IN. LB. 
PROD 694 BBL. DAY 
fm DISPL 117 FT PER MIN 
Sete OS read oe 
MAX. LOAD 18,700 LBS. 
MIN. LOAD 2,000 " 
| RANGE 16,700 »« 
SPEED 24.5 SPM 
eye) “STROKE 62 IN. 
POL. ROD HP 32.6 
So PEAK TORQUE 258,000 IN. LB 
(0) PROD 775 BBL DAY 
DISPL 126.5 FT PER MIN 
—— MAX. LOAD 19,000 LBS. 
18000 MIN. LOAD 3,000 "— 
RANGE 16,000 » 
SPEED 21.5 SPM 
10 STROKE 74 IN. 
POL. ROD HP 29.8 
fe) a PEAK TORQUE 296.000 IN. LB. 
OO re ee PROD 745 BBL. DAY fic: 23 
DISPL 132 FT PER MIN a simple matter to weigh the actual 
FIG, 22 —LOAD AND TORQUE CHANGE DUE TO CHANGE OF STROKE LENGTH. counter-balance effect at the polished 
rod. The following procedure may be 
used. 


(a) Stop the pumping unit at the 
position where the counterbalance ef- 
fect is the greatest. That is. the point 


POLISHED ROD at which the crank is horizontal on the © 


NT 
Ecce upstroke. 
TIME 


©: 
NU PAOD 


(b) Place a polished rod clamp a 
few inches above the stuffing box or 
above the polished rod liner if there 
happens to be one installed. 


O- 


UPSTROKE. 


RECORDED TIMING 
WAVE 
7.48 CYCLES 
PER SECOND 


POLISHED ROD 
VELOCITY 
VS. 


TIME 


(c) Place a chain above the clamp 
just installed and wrap around the pol- 
ished rod one turn, then run the chain 
under the casing head vent line or un- 
der the lead line and hook the chain 
together as closely as possible. 


200) : MOTOR SPEED (d) Release the brake and check to 
1100} C1 PEL VS. : 3 
AE a TIME see that the clutch is not dragging. Re- 
SPEED 


lease stylii and pull the cord. This 
records the counterbalance effect as 
COUNTER BAL. 


E ecaceSOnER measured at the polished rod. 


te erFect. If the well is considerably underbal- 


Pod anced the rods will go down when the 
es TIME brake is released. In this case the clamp 
ANALYSIS OF CSN NCL | NI should be put directly over the stuffing 
LOAD ~ SPEED - TIME ‘box to prevent the rods from going 
ee j down. No chain is necessary for this 
condition. For correct counterbalancing 
the measured counterbalance effect line 
should pass through the approximate 
center of the dynamometer card. 


RECORDED POLISHED ROD 
LOAD AND MEASURED 
COUNTERBALANCE 


INCHES PER SECOND 


POLISHED ROD LOAD 
VS 


COUNTER — BALANCE TIME 


LOAD-1000 LB. 


CYGLE 


The maximum counterbalance effect 


TIMING CYCLES must be known before instantaneous 
(7.48 CYCLES / SECOND) 


horsepower values can be calculated 
from the dynamometer card. 


FIG. 24 — ANALYSIS OF LOAD SPEED-TIME RELATIONSHIPS 
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RECORDING THE TIMING 
WAVE 


Release the stylii and press the end 
of the bar against the stop mechanism. 
Release it just before the bottom of the 
downstroke. The bar should then be 
allowed to vibrate through one com- 
plete stroke, at which time the stylus 
should be raised so there will not be 
an excessive number of lines recorded. 
The time constant for each cycle is 
given on the timing bar. 

The timing wave is used to obtain 
instantaneous velocities which may be 
projected on the dynamometer card and 


used as a means for calculating in- 
stantaneous horsepower. (Fig. 24.) 


RECORDS AND WELL DATA 


In order to make proper analysis of 
the dynamometer cards and other in- 
formation secured at the well it is nec- 
essary to have a detailed record of serv- 
ice of the principal components of the 
pumping system. These should include 
any major repairs to the engine or 
pumping unit; a record of sucker rod 
and polished rod failures showing date, 
depth, type of break (body, pin or 
coupling) and notations such as pitting 


DOUBLE CARD RESULTS FROM 
FAULTY ACTION OF STANDING 


VALVE ON SOME STROKES. 


DEAD WEIGHT TESTS SHOW 
STANDING VALVE LEAKING. 


__DW. UP 
=== DW DOWN 


TRAVELING VALVE 
AND PLUNGER IN 

GOOD CONDITION. 

STANDING VALVE 
HOLDING. 


DW DOWN 


FIG. 25 — CHECKING THE TRAVELING VALVE, PLUNGER AND STANDING VALVE. 
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due to corrosion or embrittlement due 
to hydrogen sulphide; a record of all 
pump changes with detailed informa- 
tion showing what caused the pump to 
fail. 

In one area where this type of record 
was kept it was shown that in twenty- 
six per cent of the pulling jobs due to 
pump failures there was nothing wrong 
with the pump. Cases of this kind are 
prevalent where a number of wells are 
pumping into a central tank battery and 
it is often difficult to know which well 
is failing when the lease production 
drops off. By having records and data 
as mentioned above and by making in- 
dividual well studies, mechanical prob- 
lems can be easily analyzed and very 
often their solution is obvious. 


RECORDING TACHOMETER 


Another useful instrument in making 
well studies is the recording tachom- 
eter. This not only gives the engine 
speed but also the engine speed varia- 
tion during the pumping stroke. In 
certain cases it may be used for check- 
ing the well for proper counterbalance. 


BALANCING CENTRAL 
POWER 


Balancing of central power is cov- 
ered by Figs. 27-30. The method used 


MAX. LOAD 16,150 LBS 
MIN. LOAD 7,450 * 
RANGE 8,700 * 
SPEED 168 SPM 
cB STROKE 4 IN. 
POL. ROO HP 13 
es ENGINE RPM 1090 
ZERO TIME 110° PM 
DATE 10-13-48 
1900 
900 
800 ONE 
700 US TRORE:I! 
= = 
600 3 8 ee 
500 2 
4 a 2 
~388— f=) fa) 
2 2 


FIG, 26 — RECORDING TACHOMETER CHART. 


FIG. 27 
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is that outlined by E. N. Kemler in 
Drilling and Production Practice, 1943, 
pages 100 to 103, inclusive. The charts 
and diagrams are self explanatory. 


In conclusion, where procedures as 
outlined above have been used, sub- 
stantially lower lifting costs invariably 
have been the result. 
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DYNAMOMETER CHARTS AND WELL WEIGHING 
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Table Il — Peak Load Calculation 
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CORROSION MITIGATION 
WITHIN DEHYDRATING TANKS 


ERNEST O. KARTINEN, MEMBER AIME, SIGNAL OIL AND GAS CO., LOS ANGELES 


This report is the accumulation of 
eight years of experience on only one 
small phase in the business of oil pro- 
duction. It is not intended as a final 
report but rather as a progress report 
dealing with the internal corrosion of 
oil field dehydrating tanks. 


The corrosion of dehydrating tanks 
continues to be a problem in the pro- 
duction of crude oil. The deterioration 
by corrosion of these tanks falls into 
three general classifications: (1) At- 
mospheric corrosion of exterior areas, 
(2) corrosion of the underside of deck 
and the rafters and top area of the up- 
per row of staves in that part of the 
tank which is known as the vapor space, 
and (3) corrosion of the bottom and 
shell areas, and the steam coils which 
are normally immersed in water and 
thus exposed to the corrosive action of 
the water. 


Atmospheric corrosion is primarily a 
paint problem, and has been omitted in 
this discussion. 


The corrosion in the vapor space, in 
this company’s experience, which has 
been of great concern only in one area, 
has also been omitted in this discussion. 


The third, and most troublesome type 
of corrosion, and the one with which 
this report deals, is that which occurs in 
the water-exposed areas of dehydrating 
tanks, and, to a lesser degree, in some 
stock tanks. 


The operating temperature of these 
waters varies from 80°F to 160°F and 
the salt counts run from a few thousand 
to as high as 25,000 parts per million. 

Corrosion in these tanks occurs in three 
forms: (1) pits, (2) ringworm type of 
attack along the vertical and horizontal 
bolt seams, and (3) as a general attack, 
spread over a wide area. 

Manuscript received at the office of the Pe- 
troleum Branch October 10, 1949. Paper pre- 


sented at the Petroleum Branch meeting in 
Los Angeles, California, October 20-21, 1949. 
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Steam Coils 


In dehydrating tanks, our experience 
has been that the steam coils are the 
first to show signs of corrosion, and 
then the shell and bottom areas. This 
action is not uniform throughout this 
company’s operations. Some _installa- 
tions have coil troubles with very little 
tank trouble, and some show just the 
opposite. But in the majority of cases 
the coils are the more seriously cor- 
roded areas. This may be partly due to 
the fact that we have tried by periodic 
application to keep a protective coating 
on the interior areas of the tanks, and 
some protection has been afforded by 
these coatings. 

Through the years several types of 
hot and cold coatings have been tried 
with many various methods of cleaning 
the steel, ranging from use of cleaning 
solvents to hot and cold Oakite washes, 
as well as sandblasting. Although ex- 
perience has shown that a longer life 
expectancy of a coating is possible after 
a very thorough steel cleaning job, it 
has still been necessary to recoat these 
tanks at least every two or three years. 

Until a few years ago, vertical spiral 
steam coil bundles were installed when 
the tanks were originally erected. When 
these coils needed replacement, in some 
cases within 18 months, it was neces- 
sary to remove a couple of shell staves 
to accomplish this task. This required 
a down time period of several days and 
was often very inconvenient to the pro- 
duction operations of the leases. 

This problem was considered on the 
basis that the coils were expendable, 
and thus, to eliminate any unnecessary 
down time when changing coils, the 
vertical spiral coils were discarded in 
favor of horizontal flat coils which could 
be taken in and out of the tanks by way 
of the cleanout openings, and put to- 
gether with unions. This made a fairly 
easily replaceable and repairable coil. 
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But it was still very much of a nuisance 
when repairs were necessary. 


Efforts to increase the useful life of 
the dehydrating tanks led to the adop- 
tion of galvanized tanks at an increased 
initial cost. The zinc coating was de- 
pended upon for protection and no other 
protective coatings were applied. 


In July, 1944, during the development 
of a new lease, a 3-ring 1,500 bbl, black 
iron water tank was converted into a 
dehydrating tank with steam coils to 
handle the new production. This tank 
was Coated inside with a cold, brushed- 
on coating, for protection against cor- 
rosion. After approximately 18 months 
of service, holes developed in the tank 
and the steam coils. The tank was emp- 
tied and cleaned for repairs. The coils 
were so badly pitted that it was felt 
advisable to replace them. 


Coating Becomes Loose 


Inspection of the tank showed the 
protective coating to be still in place 
but loose, and numerous blisters were 
in evidence. A closer inspection showed 
that the interior of this tank was so 
badly pitted under the coating that any 
further attempt to use the tank was in- 
advisable. This tank was therefore dis- 
carded and a new galvanized tank or- 
dered and set up at considerable expense 
and inconvenience. 


In April, 1946, another dehydrating 
tank installation was made on an ad- 
joining lease. This installation consisted 
of a 1,500 bbl, 3-ring galvanized tank 
with two sets of flat steam coils 12 in. 
and 24 in. up from the bottom. In Sep- 
tember, 1947, seventeen months after 
installation, salt showed up in the boiler 
feed water. When the dehydrating tank 
was opened and cleaned, the steam 
coils were found to be badly pitted — 
several holes having penetrated through 
the wall of the pipe. New coils were in- 
stalled. 
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The shell of the tank was also found 
to be very seriously corroded below the 
oil level. Large areas of the steel were 
very thoroughly pitted. 


The most serious corrosion from a 
structural standpoint was the contin- 
uous corrosion along the vertical bolt 
seams and the chimes. 


Numerous isolated pits were found in 
all the shell staves and the bottom. A 
pit depth gauge was used to measure 
some of the pits, and several were found 
to be .108 of an inch in depth. There 
were a great number of pits .050 of an 
inch or more in depth. The thickness of 
the metal in these staves is .1094 of an 
inch, which indicates that several pits 
had practically penetrated the steel. A 
further examination of these corroded 
areas disclosed a bright shining surface 
under the rust. The bottom of the tank 
was found to have only a few small 
pits. It was also observed at this time 
that the zinc coating had _ practically 
disappeared and had been replaced by 
a soft, light colored coating which 
brushed off and exposed black iron. 


Cathodic Experiment 


After this experience, it became ap- 
parent that some solution to the corro- 
sion problem was necessary, and an 


TANK SIZE: 


ANODE NO. & SIZE: 


investigation into the possibilities of 
protecting the water-immersed areas of 
dehydrating tanks by cathodic protec- 
tion was undertaken. 


The theory of cathodic protection is 
that if the iron wall of the tank and coil 
is made cathodic, that is, negative, with 
respect to some other point in the sys- 
tem which is anodic, or positive, a cur- 
rent will flow from the anodic to the 
cathodic surfaces. Rust cannot form at 
the point where current is entering the 
iron since iron cannot go into solution 
to start the corrosion process. In other 
words, cathodic protection is the use of 
an impressed current to prevent or to 
reduce the rate of corrosion of a metal 
in an electrolyte by making the metal 
the cathode for the impressed current. 


In the application of cathodic protec- 
tion, the metal to be protected is elec- 
trically connected to the negative ter- 
minal at a source of current such as a 
rectifier, generator, or battery. This type 
of installation is known as a forced 
drainage system. 

Galvanic anode drainage is a form of 
forced drainage which uses an anode 
of an active metal such as zinc or mag- 
nesium. The drainage current depends 
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FIG. 1 — TANK DESCRIPTION 
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on the galvanic potential between the 
metal to be protected and the anode. 


The use of cathodic protection on the 
inside surfaces of dehydrating tanks 
presents many problems, such as: 


(1) What current density is neces- 
sary for complete protection ? 


(2) What voltage is necessary to pro- 
vide the required current for ef- 
fective protection ? 


(3) How does the corrosiveness of 
the water affect current require- 
ments ? 


(4) What effect has the presence of 
protective coatings upon current 
requirements ? 


(5) What anode spacing is necessary 
for complete coverage? 


(6) Would the bolted seams in a 
tank provide sufficient contact 
between staves to prevent cur- 
rent from jumping from one 
stave to the other across the rub- 
ber gasket? 


(7) Would there be any harmful ef- 
fects to connecting pipe lines and 
structures which are not electri- 
cally insulated from these tanks? 


From available literature, the follow- 
ing four conclusions were drawn: 


1500 BBL; 3-RING; STD. A.P.I.3 GALVANIZED 
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(1) There are wide differences in the 
corrosiveness of water; so appar- 
ently no set of rules can be ap- 
plied. 

(2) The more corrosive brines re- 
quire higher current densities for 
protection. 


(3) In a tank, the anodes should be 
so located and their respective 
currents such that proper protec- 
tion is obtained over the entire 
cathodic surface. 


(4) In high resistivity water a great- 
er number of anodes is needed 
in order to keep down the volt- 
age required. 

After some consideration, it was felt 
that at least partial protection of the 
dehydrating tank and the steam coils 
with a properly installed cathodic pro- 
tection system was possible. There then 
arose the question of whether a forced 
drainage or a galvanic anode drainage 
system would be installed. Some ex- 
perimenting with a 16-lb magnesium 
anode in oil field brine showed that it 
would deyelop approximately 2 amps. 
at .6 volts. Magnesium anodes were de- 
cided upon in this initial installation 
because of (1) their ease and simplicity 
of installation. The initial cost of mag- 
nesium anodes over a rectified installa- 
tion was much less. (2) Magnesium has 
the greatest solution potential of all 
commercially available anodic metals. 
(3) It has a high content of stored 
energy —the electro chemical equiva- 
lent of 1-lb of magnesium being the- 
oretically equivalent to 1,000 ampere 
hours. (4) It is now readily available 
because wartime production facilities 
are being used to fill peacetime markets. 

In the dehydrating tank where the 
first anode installation was made there 
is approximately 262 sq ft of steam coil 
area, 158 sq ft of spreader area, 1,183 
sq ft of shell and bottom area; or a 
total of 1,603 sq ft of steel which was 
subject to corrosion by exposure to the 
hot oil field brine. From literature on 
cathodic protection of installations in 
sea water, it was felt that 5 milliamps 
per sq ft would provide ample protec- 
tion with a safe margin. Thus, it was 
determined that approximately 8 amps, 
if properly distributed, would be sufh- 
cient in this tank. 


Four Circuits Used 
We had on hand for experimental 
purposes six of the 16-lb magnesium 
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FIG. 2—TANK FLANGE WITH RUBBER BUSHING AND PLUGS 


anodes, and these were installed in this 
dehydrating tank in four circuits. One 
circuit had three 16-lb anodes in paral- 
lel, and the other three circuits were 
only single anodes. The three anodes of 
circuit 1 were placed on insulated pedes- 
tals between the two sets of coils, and 
circuits 2, 3, and 4, comprising one 
anode each, were set about 5 ft from 
the shell of the tank about 7 ft off the 
bottom (Fig. 1). 

The lead wires were brought through 
the shell of the tank by means of a 
special bushing and then grounded to 
the shell on the outside of the tank. 
Fig. 2 shows the tank flange with rub- 
ber bushing and plugs to provide a 
watertight seal around the lead wire. 

A Rhodes: potentiometer was used to 
read the voltage, and shunts were used 
to calculate the amperage of the cir- 
cuits. The readings of the four circuits 
a few days after installation were: 

Circuits. 5.7 Amps at .62 volts 

(Gireuit2es 2.5 Amps at .62 volts 

Gircuit3= 2.6 Amps at .62 volts 

Circuit 4 2.6 Amps at .62 volts 

Total____. 13.4 Amps at .62 volts 


This amperage provided a current 
density of approximately 8.04 milliamps 
per sq ft, and resistances were intro- 
duced into the four circuits to cut down 
the total amperage output to give a cur- 
rent density of approximately five milli- 
amps per sq ft. Readings on all four 
circuits were taken at frequent intervals 
and the current output closely tabu- 
lated. Also, at this time, while waiting 
for new coils, this tank was painted 
inside with three coats of plastic coat- 
ing. 

It was proposed to run this test for 
six months before opening the tank for 
inspection. But in January, 1948, after 
four months’ operation, large sections 
of coating were observed floating out 
into the waste water pit, and it was 
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evident that the protective coating had 
disintegrated. The tank was opened and 
the coating was 100 per cent ineffective 
after 122 days. But, significantly, it was 
observed that the pits, which four 
months previously were shining and 
bright, now had a dull black luster. 
There were no traces of pitting on the 
new steam coils, and all the wrench and 
punch marks on the coils were sharp 
and dull in color. The entire exposed 
steel shell and steam coils had a dull 
black luster. With these observations, 
the anodes were removed and the loose 
coating washed off with a fire hose and 
new anodes installed. The tank was 
then closed and put into service. 


Second Test ; 
The second test period on this tank 
ran for 288 days. The tank was opened 
for inspection on October 28, 1948. As 
was previously observed, the tank steel 
had a dull color and the coils which 
had now been in the tank for 13 months 
showed no signs whatsoever of corro- 
sion. The deep pits which had prac- 
tically penetrated the steel after 17 
months, have in this last 13 months 
shown no further corrosive action. 

This dehydrating tank was opened 
again on June 7, 1949, for a routine 
washout and cleanup. At this time a 
detailed inspection of the tank was 
made and the anodes were approxi- 
mately 75 per cent dissipated. 

Pits were examined closely and found 
to have the same dull black color. The 
entire steel area of the coils and shell 
was coated with a thin, hard, black 
coating. This coating was very hard to 
remove by hand wire brushing. After 
a very careful inspection, no further 
trace of corrosion could be detected 
anywhere in the tank. This tank has 
been under cathodic protection for ap- 
proximately 631 days without any fur- 
ther trace of corrosion. 
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It has been concluded from this ex- 
periment that (1) apparently 5 milli- 
amps per sq ft provides sufficient cur- 
rent density for complete protection, 
(2) .6 volts potential between steel and 
magnesium provides sufficient voltage 
to provide the necessary current, (3) 
the anode spacing as was used provided 
ample coverage, (4) bolted seams pro- 
vided sufficient contact between tank 
sheets and staves, (5) although the tank 
was not isolated from the rest of the 
system by insulating flanges, no harm- 
ful effects have been detected anywhere 
in the system. 

It is felt from experience to date that 
this type of protection is economically 
feasible and offers better and more 
positive protection of the water im- 
mersed areas of dehydrating tanks while 
also protecting the steam coils than any 

protective coating which we have ap- 
plied to date. 


Summary sheet No. 1 (Fig. 3) shows 
some of the statistics and economics 
pertaining to this particular tank. 

While some of the questions concern- 
ing the use of magnesium anodes for 
cathodic protection in this type of an 
installation were partially or wholly 
answered, there is much to be learned 
about such things as: 


(1) Minimum current density neces- 
sary. 

(2) Maximum anode spacing. 

(3) Effect of electrolyte composition 
on anode behavior. 


(4) Effect of pH on magnesium 
anode performance. 
(5) Effect of current density on 


anode performance. 
(6) Effect of anode current density 
on current efficiency. 


We have at the present time 12 de- 
hydrating tanks equipped with cathodic 


DESCRIPTION 


CORROSION MITIGATION WITHIN DEHYDRATING TANKS 


protection circuits. The tanks vary in 
size from 750 bbl to 2,000 bbl stand- 
ard API bolted tanks. All of these 
tanks are several years old and show 
diversified degrees of corrosion. The 
protective coatings in these installations 
have been left intact for whatever pro- 
tection they might afford. The installa- 
tions are put in under varying condi- 
tions, with the magnesium anodes dis- 
charging at different rates and poten- 
tials. Efforts are being made to keep a 
close check on all these cathodic protec- 
tion installations in an endeavor to com- 
pile data and experience which will 
provide answers to many of the un- 
answered questions as well as increase 
our knowledge concerning the practical 
application and limitations to which 
this simple principle, discovered by Sir 
Humphry Davy in 1823, can be applied 
in the battle against corrosion of this 
and other types of oil field equipment. 

kk * 


Area in Square Feet 


| | | 
: | Lease ~ | | é Tank Tank | 
Location | Tank Job this Instal. Bbls. | No. | Interior | Interior | Shell & 
| Farm No Report No. Capacity | Rings | Treatment | Condition | Coils | Spreader | Bottom | Remarks 
| . | eee, es Nae | 1,183 


ee heWea sek 1,599 geod 3 


ANODE SERVICE EFFICIENCY 


Hours 


in 
Service Service 


Total Amp. Total Milli Amps. 
Hours Per Amp. Hours Per 
Circuit for Tank Sq Ft Area 


\ 
{ 
| 
| 


51,530 


14,947 


14,371 


ANODE SERVICE EFFICIENCY (Continued) 


17,628 


ANODE COST ANALYSIS 


Circuit Original Woe Wats Per Lb. % C i 
ag No. Wt. (ib) ys Anodes Loss (lb.) Mg. Anode Efficiency Saunas ee nea sapien 
1 | 176 60. 116. 444 44.4 $77.00 $44.55 
2 48 14. | 34. 440 : 44.0 21.00 12.15 
3 48 14.75 33.25 432 43.2 21.00 12.15 Se 
4 48 12. 36. 490 49.0 21.00 12.15 


COST SUMMARY 


New Coils Cost $400; Average Life of 2 Years; Per Coil 
New Tank Cost $2300; Average Life of 2 Years; Per Tank.... 
Average Yearly Replacement Cost............. 
Average Cost of Magnesium Anode Protection... .. 
Average, Yearly ‘Sayings... csc. rele 
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Soaks $ 200 


$1150 


nee $1350 


$ 81 


rece $1269 


FIG. 3 — ANODE DATA SUMMARY SHEET 
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RELATI VE PRODUCTIVITY OF PERFORATED CASING.-1 


ROBERT A. HOWARD AND MARSH S. WATSON, JR., JUNIOR MEMBER AIME, 
UNIVERSITY OF OKLAHOMA, NORMAN, OKLAHOMA 


ABSTRACT 


An electrolytic model study has been 
made of the relative productivity of per- 
forated casing. The results show that 
the relative productivity is roughly one- 
half to two-thirds of that predicted from 
point-sink calculations. This discrepan- 
cy can he satisfactorily explained on the 
basis of casing interference. The rela- 
tive productivity was found to be insen- 
sitive to spatial arrangement of the per- 
forations. 


INTRODUCTION 


The relative productivity of wells 
with perforated casing has been treated 
mathematically by Muskat.’ In his treat- 
ment the perforations are represented 
by small spheres, thus enabling him to 
approximate the flow by that to point 
sinks. By neglecting interference  be- 
tween the flow into the various spheres 
representing the perforations, one may 
deduce the approximate formula 


Q 1 
~ =. (1) 
Q. 1-1 
b Tae ee 
1+ — 
2n In ts 


Manuscript received at office of the Petro- 
Jeum Branch October 12, 1949. Presented at 
AIME Annual Meeting, New York City, Feb- 
ruary 13-17, 1950. 


1 References are given at end of paper. 
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Where Q is the flow rate into spheri- 
cal sinks located in the me- 
dian plane of the sand lay- 


er 


Q, is the open hole flow rate 


(uncased hole of radius 
Tee) 
b is the thickness of sand 


layer under consideration 
(always one foot in this 
paper) 


nis the number of spherical 
sinks in the sand layer 


r, is the radius of a spherical 
sink 


r, is the well radius 


r. is the drainage radius of 
the well. 


Fig. 1 is a comparison of values cal- 
culated from equation (1) with Mus- 
kat’s values. It will be observed that 
the approximate values are in error by 
less than 21% per cent. 


The disturbing effect of the casing on 
the flow lines is not explicitly taken 
into account by Muskat, but he reasons 
that interference between the flow pat- 
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terns from the various point sinks will 
result in a negligible flow in the region 
within the well radius, and that no 
appreciable error will result from not 
explicitly excluding flow from this re- 
gion. This line of reasoning is open to 
question, however, as the flow impe- 
dance, in the immediate vicinity of the 
well, of a hemispherical cavity in con- 
tact with an opening in the casing is 
twice that of a spherical sink in a con- 
tinuous sand layer. There will be a dif- 
ference, moveover, between the flow into 
a hemispherical cavity and that into a 
circular hole in the casing. This latter 
difference can best be appreciated by 
comparing the flow from a semi-infinite 
medium into a hemispherical cavity at 
the edge of the medium with the flow 
out of a circular opening of the same 
radius as the hemisphere and which is 
also on the edge of the medium. In this 

Qn 


case’ = 


e 


us 
—, showing that the dif- 


ference in flow rates into differently 
shaped cavities is quite appreciable. 


It was the purpose of the investiga- 
tion reported here to determine to what 
extent flow into circular perforations in 
casing departs from the values calcu- 
lated by Muskat. For this purpose an 
electrolytic model was used, 
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APPARATUS 


The model tank was 36 in. in diameter. 
with a varnished plywood bottom, and 
vertical copper sides 1.75 in. high. A 
weak NaCl solution was used as the elec- 
trolyte. The casing was represented by a 
lucite cylinder, and the perforations by 
radial platinum wires cut off flush with 
the outer surface of the lucite cylinder. 
The platinum electrodes all lay in the 
median plane of the electrolyte. The 
fluid flow impedance was determined by 
measuring the resistance to 1000 cycle 
current with a General Radio type 650 
A impedance bridge. A pure resistive 
balance was obtained by using an oscil- 
loscope as a null detector. Each such 
resistance measurement was compared 
with that of a gold plated cylindrical 
copper electrode measured at the same 
temperature. The latter makes possible 
the comparison of perforation flow rates 
with open hole flow rates without mak- 
ing electrolyte conductivity measure- 
ments in a separate conductivity cell. 


RESULTS 


Since neither the open hole radius nor 
the drainage radius correspond to those 


used by Muskat, it was necessary to — 


employ the two-dimensional radial flow 
equation to place our results on the 
same basis as his. To do this the fol- 
lowing equation was employed, 


60, 


SPHERE RADIUS ........0.25 IN. 
*CASING” RADIUS 6.00 IN. 
660 FT. 


DRAINAGE RADIUS 


In — z 
i ite 
ik Sp 
Im 
In — 
“ ae Ton : « (2) 
° Te 
In — 
R r I 
bis 
Ron ze 
In — 


is the flow rate into the 
perforations 


Q, is the flow rate into the 
open hole 


r. is the drainage radius (mod- 
el rather than prototype) 


Ym is the electrolytic tank ra- 
dius (18 in.) . 


Yon is the radius of the open 
hole electrode (0.249 in.) 


Ty is the external radius of 
the casing (radius of lu- 
cite cylinder equals 0.384 
in.) 


R_ is the resistance measured 
with perforation electrodes 


R,, is the resistance measured 
with the open hole elec- 
trode. 


The platinum wire employed to repre- 
sent perforations was 0.032 in. in di- 


ameter, and the depth of the electrolyte 
was 0.768 in. 


PERFORATION 
CASING RADIUS 


es RADIUS... 0.25 IN. ena 
6.00 IN. 


RELATIVE PRODUCTIVITY OF PERFORATED CASING — 1 


The results for the case where the 
prototype dimensions are: 


casing radius = 0-10, 
perforation radius = 0525-1: 
formation thickness = 1 ft 
drainage radius = 660 ft 


are shown in Fig. 2. It will be observed 
at once that the relative productivity 
is much less than that calculated by 
Muskat, which is consistent with the 
argument given, above as to the prob- 
able effect of the casing. An equation 
of the same form as (1), namely, 

Q = ~- eres be) 

1+— 


n 


will fit the observed data to an accuracy 
of about 2 per cent if c is given the 
value 7.6. The flow lines in the vicinity 
of the perforation are of sufficiently 
complicated form that we have not been 
able to derive the value of c by simple 
physical considerations as was possible 
in the case of equation (1). 


It is possible to derive an approxi- 
mate equation for calculating the effect 
of increasing the casing radius and per- 
foration radius by a factor k and the 
drainage radius by a factor h while 
leaving the perforation density con- 
stant. The equation which one obtains 


Eo ee ee 
Fa ee 
[eH Sol eS eS ee 


a 4 40) 
30 
~——> _ CALCULATED FROM APPROXIMATE 
EQUATION NO 1 
Seas MUSKAT’S CURVE | 
10 10 
I; 
! Bees Vee eieie 11 
SPHERICAL SINKS PER FOOT PERFORATIONS: PER FOOT ‘ : 
FIG, 1 — EFFECT OF NUMBER OF SPHERICAL SINKS PER FOOT OF FIG, 2 
+2. — EGFEGI: OF 
CASING ON RELATIVE WELL PRODUCTIVITY, CASING ON RELEFIVERUEU ern ove 
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Q\/ 1 
(3) = aes (4) 
: = 
Q/Q. 
Pee 
In k/h 
kde ES 
Ines 
where 
(Q/Q.)’ is the desired relative pro- 
ductivity, 


Q/Q, is the relative productivity 
which is known for certain 
casing and perforation ra- 
dii 

r. is the drainage radius for 
the known case 
and ry 1s the casing radius for the 
known case. 


The electrolytic model results for the 
following prototype dimensions: 
casing radius = 3 in. 
perforation radius = 0.125 in. 
formation thickness = 1 ft 
drainage radius = 660 ft 


are compared in Fig. 3 with the values 
computed from equation (4), using the 
electrolytic model results shown in Fig. 
2, and also with the values given by 
Muskat for this case. It will be observed 
that the values calculated from equa- 
tion (4) are in good agreement with 
those determined experimentally, but 
are much lower than the values given 
by Muskat. 


LOCATION OF 
PERFORATIONS 


No special study was made of the 
effect of spatial distribution of the elec- 
trodes, but, as will be seen from Fig. 4, 
the 2, 4, and 8 perforation patterns are 
symmetrical arrangements, while the re- 
mainder are asymmetric. It will be noted 
that a smooth curve drawn through the 
points corresponding to symmetrical ar- 
rangments will not deviate by more than 
the experimental error from those cor- 
responding to asymmetrical arrange- 
ments. 


FLOW TO SPHERICAL SINKS 


As a check on our method, we had 
three brass spheres of 0.040 in. diam- 
eter turned on the ends of small brass 
rods. All of the rod but the sphere was 
coated with insulating material. The 
sphere itself was gold plated. Since flow 
of current to the sphere was cut off 
where the rod joined the sphere, the 


cross sectional area of this piece was 
subtracted from the total area of the 
sphere and the radius of the equivalent 
sphere having the resultant area cal- 
culated. The observed resistances were 
converted by means of equation (2), 
using new values of r,( = 0.458 in.) 
and r. (corresponding to an effective 
sphere diameter of 0.038 in.). The re- 
sults are shown in Fig. 5. The agree- 
ment with Muskat’s calculated values is 
good, showing that the calculations are 
correct but that the point sink repre- 
sentation is inadequate to portray flow 
in the region of the impermeable cas- 
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CONCLUSION 


The limitations to the applicability of 
electrolytic model studies and potential 
theory calculations to actual field condi- 
tions are now so widely appreciated that 
they will not be discussed further. There 
is, however, one limitation to this par- 
ticular investigation which is worth 
mentioning. Our model represents a 
perforation which consists of a circular 
hole through the casing which just ex- 
poses the undisturbed sand face in con- 
tact with the casing, or it may be inter- 
preted as a circular hole through the 
casing and cement if the well radius is 


CASING RADIUS.................3.00 IN. 
DRAINAGE RADIUS..............660 FT. 


PERFORATION RADIUS....... 0.125 IN. = 


. 
ny 
x 
. 
s 


nl 
ES 


: 
Be 
2 
Fa 
ey 
e 
te 
EB 
Z 


es 


iH 


MUSKAT’S CURVE 


—0——0— COMPUTED FROM APPROXIMATE 
EQUATION 4 USING DATA FROM 
ELEC TROLY TIC MODEL CURVE OF 

FIGURE 2 


PERFORATIONS PER FOOT 


FIG. 3 — EFFECT OF NUMBER OF PERFORATIONS PER FOOT OF CASING ON RELATIVE 
WELL PRODUCTIVITY. 


FIG. 4 — DIAGRAMMATIC PLAN OF THE NUMBER AND ARRANGEMENT OF 


PERFORATION ELECTRODES. 
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SPHERE RADIUS.........0.25 IN. 
“CASING” RADIUS.......6.00 IN. 
DRAINAGE RADIUS....... 660 FT. 
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SPHERICAL SINKS PER FOOT 
FIG. 5 — EFFECT OF NUMBER OF SPHERICAL SINKS PER FOOT OF CASING ON 
RELATIVE WELL PRODUCTIVITY. 
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RELATIVE PRODUCTIVITY OF PERFORATED CASING — 1 


interpreted as the radius of the ce- 
mented hole instead of the casing ra- 
dius. In any case, the perforating bullet 
could hardly cut a hole through the 
casing and expose undisturbed forma- 
tion. For this reason the authors are 
now investigating the effect of formation 
penetration on relative productivity. 
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IMPROVEMENTS IN THE X-RAY SATURATION 
TECHNIQUE OF STUDYING FLUID FLOW 


F. MORGAN, J. M. McDOWELL AND E. C. DOTY, GULF RESEARCH AND DEVELOPMENT CO., 
PITTSBURGH, PENNSYLVANIA 


ABSTRACT 


Improvements in the X-ray method of measuring liquid satu- 
ration and saturation distribution are presented. Two identical 
direct current amplifiers have been added to measure continu- 
ously the intensities of the X-ray tube output and the beam 
which has passed through the core under test. The ratio of 
these intensities is automatically recorded on a modified Brown 
Electronik Recorder. Arrangements have been made to drive 
the core automatically and in synchronism with the recorder 
chart so as to give a continuous curve showing the variation 
of liquid saturation along the length of the core. By determin- 
ing the ratio of the two X-ray beam intensities simultaneously 
the measurements are made essentially independent of small 
fluctuation in voltage and current supplied to the tube. This 
improved technique has been used for investigating the fluid 
distribution along the length of cores and core assemblies 
when one fluid is displaced by another. Typical results of 
these studies are shown. 


INTRODUCTION 


In a previous publication’ a method was described for 

- measuring the oil saturation in cores which was based on the 
absorption of X-rays by the fluid content of the core. While 
that technique is capable of yielding accurate results, the 
original apparatus was not especially convenient for determin- 
ing the fluid distribution along the length of a core. This was 
primarily due to the slow response of the amplifier and gal- 
vanometer and the necessity of making a point by point survey 
of the material under investigation. It was, therefore, not only 
possible for sections of the core having a variable or unusual 
saturation distribution to escape observation entirely, but 


1 References given at end of the paper. 
Mianuseript received at the office of the Petroleum Branch October 4, 
1949. Paper presented at the Petroleum Branch meeting in San Antonio, 


October 5-7, 1949. 
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changes in output of the X-ray generator between readings on 
the unknown and the monitor introduced errors in the measure- 
ments that could be avoided only by further stabilization of 
the source or by taking a large number of readings. 


This paper describes a method and apparatus for recording 
continuously and automatically the intensity of the X-ray beam 
that is transmitted by a core. The variation of saturation with 
time at a given section of the core may thus be found, or by 
scanning the core by driving it in synchronism with the 
recorder the saturation distribution may readily be determined. 

As indicated in the previous paper, the X-ray method pos- 
sesses an advantage over the weighing technique in relative 
permeability experimentation in that the core need not be 
removed from the holder for the purpose of making a satura- 
tion measurement. Furthermore, the actual distribution of 
fluid and the effects upon that distribution of inflow and out- 
flow heads may be investigated. And errors due to gas bubbles 
or loss of liquid that are frequently sources of error in volu- 
metric methods of saturation determination are avoided. 


PRINCIPLE OF THE METHOD 


The energy in an X-ray beam that has passed through an 
absorbing material is expressed by the well known formula: 


pees hed (1) 


where E, is the energy in the incident beam, u the mass absorp- 
tion coefficient, c the density or concentration of absorbing 
material, and d is the length of path of the beam in the ab- 
sorber. The coefficient » varies with the wavelength of the 
radiation as well as with the absorbing material. 

The output of an X-ray tube varies in an approximately 
linear manner with the tube current, but to the second or 
higher power of the anode voltage. Moreover, the quality or 
wavelength distribution of the radiation varies with the voltage. 
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Current regulators have been developed which satisfactorily 
control the tube current, but entirely suitable voltage regu- 
lators are not readily available. Consequently, in this applica- 
tion, as in the earlier apparatus, a second beam is taken off 
at a small angle to the main beam and used as a control. 


For the greatest precision in the measurement of X-ray 
absorption at various saturations, homogeneous or monochro- 
matic X-rays should be employed unless a standard can be 
used that always exactly matches the unknown in absorption 
qualities. If more than one wavelength is present, the longer 
waves will be strongly absorbed by the first sections of the 
absorber making the fraction of the energy removed per unit 
of path decrease with the thickness traversed. In core studies, 
however, the use of a homogeneous beam is generally not 
practical because of the great loss in intensity that is incurred 
in menochromating the X-rays. Moreover, tests have shown 
that for moderate concentrations of tracer materials in the 
core, the error introduced even in assuming a constant value 
of » will be small. And further corrections may readily be 
made by calibrating the system with absorbers consisting of 
cells of varying thickness filled with the test fluid. 


In Fig. 1, /, and /, represent the currents flowing in the 
monitor and test ionization chambers, respectively, due to the 
passage of X-rays through the gas inside the chambers. These 
currents are directly proportional to the X-ray beam intensity 
as long as the voltages applied to the ionization chambers are 
sufficient to render recombination of the ions negligible. Con- 
sequently the current flowing in resistance R, due to the 
jonization current in chamber 1 may be written: 

Le eee eee sai 
where c,, and d,,, the density and thickness of the absorber in 
the monitor beam, are fixed quantities, and u,, is essentially 
constant for the small variations normally encountered in the 
intensity of the incident beam. The current J, is therefore a 
measure of the X-ray tube output. 

For the test core the ionization current may similarly be 
expressed as: 


es Se ee (3) 
where the subscript t designates the test core and a refers to 
the absorbing fluid containing the tracer material. Since 4,, 
c, and d, are constant, or nearly so, for a given core section. 
they may be incorporated in the constant of proportionality. 
Also the effective density or concentration of the tracer mate- 
rial in the core is given by: 


Ch = iay. (4) 
where f and p are the porosity and saturation of the core and 
is the true density of the fluid containing the tracer. Therefore: 

, —Ka vd, 
[ie a( 6 Fe ford, (5) 
In the inverse feed-back amplifier, of voltage gain g, indi- 
cated in Fig. 1, the entire output voltage, ir, is fed back in 
opposite polarity to the input voltage /R, so that: 


PUL tie) = ur (6) 
or: 
a 
ite 


When the gain is high, as in the present application, the 
output voltage is for practical purposes equal to the input 
voltage. The output is thus not only independent of the gain, 
but the swing of the grid voltage is reduced by the factor g 
and the linearity of the amplifier is consequently improved. 
Moreover, by the use of feed-back, the effective grid to cathode 
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Brown Recorder 


Recorder 
Pen 
and 

Indicator 


FIG. 1 — SCHEMATIC AND BLOCK DIAGRAM OF THE X-RAY MEASURING 
AND RECORDING SYSTEM. 


resistance of the first tube is increased and the time constant of 
the input circuit is reduced. 
Therefore to a good approximation: 


Rees (8) 
Similarily: 
si if 
i= LR CER Ee (9) 
and: 
B “o CR; Sa vd, gf al yd, 
Ws ay ie ee (10) 


tals R, 


since R, and R, normally remain fixed for a given experiment. 

In practice the ionization currents are fed to two identical 
DC amplifiers which were patterned after the feedback ampli- 
fier of A. O. Nier, E. P. Ney, and M. G. Inghram. As the 
internal gain of these amplifiers is about 500, the input and 
output voltages are very nearly equal. In the present applica- 
tion r, is a 10,000 ohm 10-turn helipot, the slider of which is 
geared to the balancing motor of a Brown Electronik Recorder. 
The test core amplifier has a fiixed output resistance of 10,000 
ohms. As indicated in Fig. 1, the input of the recorder ampli- 
fier is connected between the high side of the fixed resistor and 
the slider of the helipot. The recorder thus serves as a null 
indicating instrument. In response to a signal the amplifier 
tends to drive the balancing motor in such a direction that a 
balance will be restored. The arrangement is such that the 
helipot will be driven through its 10 turns while the recorder 
pen is moved across the full scale of the chart. The pen posi- 
tion thus indicates directly the fraction of the output of ampli- 
fier No. 1 which is equal to the output of amplifier No. 2. 
In operation the standard absorber in the monitor beam is 
first adjusted until the voltage drop across the helipot is equal 
to or a little greater than the drop across the output of ampli- 
fier No. 2, the saturation of the test core having its minimum 
value. For any saturation of the test core the balancing motor 
comes to rest indicating zero input when: 


(Pilg = AE 


(11) 


where x is the fraction of the total helipot resistance that lies 

between the movable contact and the grounded point. 
Substituting Eq. (10) and letting x, be the value of x when 

fore. 0Y 

x o tdovd, 


se eras (12) 
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A - Berea Core+Lucite 
B-Alundum Unmounted 
C -Alundum+Lucite 


Ratio of X-Ray Intensities x Constant, (C) 


QO-—= 04 .08 2 16 .20 .24 .c8 


Thickness, (inches) 


FIG. 2—THE VARIATION OF INTENSITY OF A TRANSMITTED X-RAY 

BEAM WITH THICKNESS OF AN ABSORBER CONSISTING OF AN 

AQUEOUS SODIUM IODIDE SOLUTION (CALIBRATION CURVE). RE- 
CORDER READINGS ARE PLOTTED AS ORDINATES. 


Again for a given core section and test fluid, u,, f, y, and d, 
may be treated as constants. Then: 


—n'p 
xX = Xe 


(13) 


and a plot of the logarithm of the recorder reading against 
the core saturation should be a straight line, the position of 
which is readily determined from the recorder readings for 
both the dry and saturated core. In practice, such semi-log 
plots are generally slightly concave upward due to the varia- 
tion of absorption of the tracer fluid with wavelength. How- 
ever, if the concentration of tracer is low and a monitor ab- 
sorber is selected which approximately matches the test core 
in its absorbing qualities, the deviation from linearity will be 
small. 

Equation (12) may also be applied in determining the 
porosity of a core. Since the absorption of X-rays depends 
upon the number of absorbing molecules in the beam and not 
on their specific location, cells containing various thicknesses 
of the tracer fluid may be inserted in the path of the X-rays, 
along with the dry core, and the transmission determined. 
The thickness of tracer liquid that gives the same ratio of %/ Xe 

as is found for the saturated and dry core will be equal to the 
product of the length of path of the X-ray beam in the core 
and the porosity of the core. 

In Fig. 2 the recorder reading, which is proportional to 
the ratio of the intensity of the beam that has passed through 
the test liquid to the incident beam, is plotted as a function 
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of cell thickness for three combinations of alundum and Berea 
cores in series with the cell. Lucite was used with the Berea 
sample to keep the deflection on the scale. The three lines 
are parallel within the error of reading the chart thereby 
verifying the theory. By using this liquid to saturate a core 
the porosity may be determined by the method described 
above. Also the thickness of tracer fluid corresponding to a 
fully saturated core can be read from the curve and the devia- 
tion from linearity on the semi-log saturation plot determined, 
or a true calibration curve of recorder reading vs. per cent 
saturation prepared. Z 

In deriving the above equations, the assumption was made 
that the pore space in the core not occupied by the tracer 
fluid was filled with gas or a liquid with a very low 
absorption coefficient. This hypothesis, although convenient, is 
not necessary. If one liquid is a weak absorber in comparison 
with the other, it is easy to show that a semi-log plot of the 
recorder reading against saturation of the tracer containing 
liquid will be approximately a straight line when the deflec- 
tions for zero and 100 per cent saturation are taken equal to 
those for 100 per cent saturation of the weak absorber and 
the tracer liquid respectively. 


DESCRIPTION OF THE APPARATUS 


The same X-ray tube and power supply have been used as 
described in the previous paper. However, a Westinghouse 
electronic tube current regulator and a Sorenson voltage regu- 
lator have been added to help stabilize the X-ray output. The 
latest arrangement of the apparatus is shown by the photo- 
graph of Fig. 3, while a schematic diagram of the X-ray tube 
and the beam paths is shown by Fig. 4. The test core, C., can 
be driven automatically by the motor so that the entire length 
of the core can be scanned in either direction with the X-ray 
beam. Since the beam at the core is approximately 1% in. wide 
in the direction of scan, the average value of the saturation will 
be obtained over this length of core. However, the exact posi- 
tion of any abrupt change in saturation may be accurately 
determined when the core is scanned in both directions. 

The ionization chambers have parallel plate electrodes as 
shown in Fig. 4. The plates in both chambers are one inch 
wide, and the separation is also one inch, the length being 


FIG. 3 — VIEW OF APPARATUS. 


185 


T.P. 2881 


eight inches in IC-1 and 16 inches in IC-2. The plates, which 
are of aluminum, are mounted in brass tubes having lucite 
windows on the ends through which the X-rays enter. The 
chambers are filled with Freon gas to increase their efficiency 
and 45 yolts is normally applied to the electrodes. Tests at 
higher voltage have shown no improvement in linearity and 
only a slight increase in ionization current. Freon gas has been 
used in spite of its comparatively low efficiency because of 
its stability, availability and freedom from harmful effects. 
The electrodes are insulated from the walls of the chamber by 
means of Teflon. 

The first stage of each amplifier, consisting of a 959 acorn 
tube and grid resistor of 10° or 10° ohms, is mounted in a 
shielded can next to the ionization chamber to reduce the grid 
capacitance, diminish the leakage paths and minimize possible 
interference from external sources. The other stages in each 
amplifier consist of two 1S5 tubes and a 6J5 output tube. The 
amplifiers are entirely battery operated and all components 
are completely shielded. 

As indicated before, the Brown Recorder is used as a null 
indicating device which records the fraction of the output of 
amplifier No. 1 which is required to balance the output of 
amplifier No. 2. The signal is connected directly to the input 
of the recorder amplifier, the bridge circuit being disconnected 
entirely. The chart can be driven at the same speed as the 
test core or at some multiple speed, if desired, to give an 
expanded scale for the curve. Scanning speeds of 1% in., 34 in., 
1 in. and 144 in. per minute have been provided. 

The switch indicated in Fig. 1 is used for connecting the 
total output of each DC amplifier directly to the recorder in 
order to set the zero adjustments to give zero output voltage 
when there is no input signal. This is indicated when the 
recorder pen does not move in either direction. The amplifiers 
should be adjusted to zero output before each core scan or 
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FIG. 4 — SCHEMATIC DIAGRAM OF X-RAY BEAM PATHS. 


measurement since they are subject to slight drift even after 
the warm-up period. The zero position is also subject to change 
from excessive vibration. Extensive measures have been taken 
to reduce this drift and interference as much as possible, but 
conditions are not favorable for eliminating them entirely. 
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TEST OF RATIO METER 


To test the amplifiers and, at the same time, obtain informa- 
tion on the suitability of the apparatus for determining the 
ratio of currents or voltages, potentials were applied to the 
preamplifier tube grids by means of potentiometers. The poten- 
tial divider in the grid circuit of amplifier 2 was so set that the 
voltage could readily be reduced to zero in ten equal incre- 
ments and the grid of amplifier number 1 was biased until 
the recorder registered full scale. Fig. 5 shows the results 
of the test. As the voltage ratio was decreased from unity to 
zero by tenths, the recorder pen moved approximately one 
major division at a time. Deviations from the exact values are 
due in part to drift of the amplifier zero and in part to lack 
of linearity in the helipot resistance. 
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FIG. 6 — WATER DISTRIBUTION IN AN ALUNDUM CORE SUBJECTED TO 
A GAS DRIVE. TRACER, SODIUM IODIDE. A—DRY CORE, B— SATU- 
RATED CORE, C. D. E—SATURATION DISTRIBUTION AT VARIOUS 
STAGES OF THE DRIVE, F— INTENSITY THROUGH CORE AFTER FLOW- 
ING ONE PORE VOLUME OF DISTILLED WATER (THE SATURATION 
SCALE AT THE RIGHT IS NOT APPLICABLE TO CURVE F DUE TO THE 
ADDITION OF A THIRD COMPONENT, DISTILLED WATER). 
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Saturation Distribution During Gas Drive 


As a preliminary step in a series of experiments on multi- 
core sections, the distribution of fluid in a core subjected to 
a gas drive was determined at various stages of desaturation. 
It is well known that water tends to accumulate at the outflow 
face of such a core, due to capillary forces or the “end effect,” 
and this behavior has been observed experimentally.”* The new 
apparatus is very convenient for demonstrating such effects 
and is also well adapted for the investigation of saturation 
variations inside a core. In this case it was considered desir- 
able to scan an undivided core to obtain a picture of the liquid 
distribution before proceeding with the experiments which 
involved cutting the core into sections. As stated before, the 
width of the beam in the direction of scan was approximately 
1% in. Its height was roughly 14 in. These dimensions can 
undoubtedly be reduced, if necessary, to obtain better resolu- 
tion. 


An alundum core approximately four inches long and one 
inch in diameter was mounted in lucite, inserted in the X-ray 
unit core holder, and scanned in its dry state. It was then 
saturated, after evacuation, with an aqueous solution consist- 
ing of 200 grams of sodium iodide per liter. This concentration 
is high, but since no ill effects have been observed, with the 
exception of a mild corrosive action when metal fittings are 
used, there seemed to be no necessity for reducing the tracer 
concentration. The air permeability of the core at atmospheric 
pressure was 410 md. and the porosity, as computed from the 
amount of sodium iodide solution required for saturation, was 
23.8 per cent. This compares favorably with the value 24.3 
determined by the method of Equation (12). The dry scan, 
depicted as the trace A of Fig. 6, shows that there are no 
major cavities or unconformities along the central section of 
the core. The small differences in absorption observed in pass- 
ing from one end of the sample to the other may easily be 
accounted for by small variations in the core diameter. 


Trace B is for the saturated core. A slightly greater absorp- 
tion at the inflow than at the outflow end indicates either that 
the core was not entirely saturated at the ouflow end or the 
porosity was somewhat lower there. The maximum difference 
in saturation — about three per cent — is of little significance 
in this experiment. Furthermore, since great accuracy in satu- 
ration determination was not required in this experiment, a 
scale of saturation based only on the logarithmic formula has 
been appended to the chart. Due to the previously mentioned 
change of absorption with wavelength the indicated satura- 
tions will be a little higher than the true values except near 
the ends of the scale. Curves C, D, and E follow the course of 
the saturation distribution during progressive desaturation by 
flow of nitrogen, which had been bubbled through water, 
starting with an inflow pressure of approximately 3 psi and 
then increasing the gas pressure by steps until the differential 
pressure across the core was about 12 psi. No attempt was 
made to run the experiment at each pressure until equilibrium 
had been attained. Shortly after the initiation of gas flow, for 
example in trace C, large variations were observed in satura- 
tion along the length of the core. Such changes are apparently 
due to gas pockets, trapped inside the core, which are not 
readily flushed out by the flow of liquid and gas. In traces 
C to E the piling up of water at the outflow face due to capil- 
larity became more and more evident as the gas pressure was 
increased. Following this phase of the study the tracer mate- 
rial was washed out of the core preparatory to the first step 
of the multi-core experiment. Curve F shows that distilled 
water is quite effective in flushing the sodium iodide solution 
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FIG. 10 —THE VARIATION OF TRANSMITTED BEAM INTENSITY AND W. 


DURING A GAS DRIVE. ( 


out of the core. Only one pore volume of liquid had been 
collected at that stage, but the absorption already was reduced 
nearly to the value expected for a core containing water devoid 
of iodide tracer. 

Effect on Fluid Distribution of Sectioning a Core 


A method has recently been described‘ for measuring rela- 
tive permeabilities of short cores in which core sections are 
pressed tightly against the test piece on both the inflow and 
outflow ends. All three sections are mounted in lucite and 
the cores themselves are undercut slightly at the contact faces 
in order that leak tight joints may be provided on compression 
of the lucite. Pressure taps are inserted at the junctions and 
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ATER SATURATION IN A THREE SECTION CORE AT VARIOUS STAGES 
CONTINUATION OF FIG. 9.) 


the assumption is made that end effects will be avoided as the 
three pieces will for practical purposes behave as a single con- 
tinuous core. A series of experiments was undertaken with the 
X-ray apparatus to test the hypothesis that no discontinuities 
would be found at the junctions of the cores. 


After several hundred milliliters of water had been flowed 
through the core used in the previous experiments, it was cut 
into three sections corresponding to inflow and outflow heads 
and a test core. All four contacting faces were then undercut 
0.0005 in. below the lucite sleeve. The three sections were 
next dried and inserted in a core holder in which considerable 
pressure could be applied parallel to the length of the speci- 
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men. With the exception of the joints the dry scan, shown as 
the trace A in Fig. 7, is in all respects nearly an exact dupli- 
cate of the dry scan of the core in its original condition. The 
marked increase in intensity at the joints definitely indicates 
a lack of uniformity in core structure at these points. 


Evidently, under the conditions of this experiment, the three 
sections are not equivalent in all respects to a single core. 
Trace B, of the saturated core, also compares favorably with 
that for the undivided piece. The junctions may now be lo- 
cated, however, by small dips in the record which indicate 
that the bulk concentration of the tracer is greater in the 
cavities between the sections than in the cores themselves. 
When the third scan, C, was taken, after the start of a gas 
drive, peaks in the~saturation curve were present where the 
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dips had previously occurred. Due to the gaps between sec- 
tions, the calibration curve for the core segments is not applic- 
able at the junctions nor are the saturation scales at the right 
of the figure valid there. Rather, at the junctions, the X-ray 
energy reaching the detector will consist of two or more com- 
ponents arriving from parallel beam elements, one of which 
passes through the gap between the sections while the others 
traverse portions of the cores. Calibration curves, determined 
as before but based on the maximum and minimum deflections 
observed at the junctions, indicate that the dips will just 
disappear when the saturation in both the cores and gaps is 
approximately 80 per cent (60 per cent in Fig. 9). A more 
precise calibration, obtained by considering parallel elements, 
indicates, however, that both of these figures are too high and 
that all the peaks at the junctions for the partially saturated 
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states must be ascribed to a local concentration of gas in ex- 
cess of that in the neighboring segments. Exact determinations 
of these saturations are difficult, if not impossible, because of 
the limited response of the detectors and uncertainty in the 
effective width of the gaps. 


Curve D shows the effect of continuing the gas flow at in- 
creased pressure and trace E was taken after gas had flowed 
slowly through the core in the reverse direction at a rate of 
about 2.5 milliliters per minute for 40 minutes. Not much 
redistribution of fluid took place under these conditions. How- 
ever, when the pressure drop over the core was increased to 
about 5 psi the liquid distribution changed rapidly. Curve F 
shows the distribution after gas had been flowing at 1 ml/sec 
for three hours, while G corresponds to 2 ml/sec for the next 
hour. Once gas has collected at the junctions it is not readily 
displaced by flowing sodium iodide solution as indicated by 
curve H, which was made after a large quantity of sodium 
iodide solution had flowed through the core at 9 psi. 


As the next step the ends of the test core were finished 
flush with the lucite after washing with water, and the dry core 
was examined as before. Fig. 8 shows the results of three scans 
with compressive forces applied to the core assembly increas- 
ing from left to right. Since it was evident that sufficient force 
could not be applied to close the gaps, the remaining contact- 
ing surfaces were immediately ground flush with the lucite 
preparatory to the final phase of the experiment. 


The core sections were next inserted in the core holder and 
a compressive force applied that seemed on the verge of crack- 
ing the lucite. The top left trace of Fig. 9, corresponding to 
the dry core, still shows the discontinuity although it is not 
so pronounced as before. Curve B is for the liquid filled core. 
The drift of the amplifiers in this case was more than usual 
and the latter trace appears to be a little too high. After the 
flow of several pore volumes of sodium iodide solution failed 
to increase the saturation, the flow of nitrogen was started at 
a pressure slightly above the displacement pressure and trace 
C was obtained shortly thereafter. As before, the absorption of 
X-rays is least at the junctions of the core sections indicating 
the existence of a saturation discontinuity and the collection 
of more gas at the interface than corresponds to the gas-water 
ratio in other parts of the core. On the basis of these experi- 
ments it therefore appears that even by grinding the core faces 
flush with the encasing lucite the contact cannot be made 
sufficiently intimate to eliminate entirely all boundary effects. 
The remaining scans of Fig. 9, as well as those of Fig. 10, 
illustrate the saturation distribution which accompanies the 
flow of gas through the core at various pressure gradients. The 
trapping of excessive gas at the junction is evident in all of 
the examples. After taking curve C, the core was shut in for 
24 hours with no appreciable change of fluid distribution, as 
indicated by trace D. Neither did the flow of gas for one hour 
in the reverse direction at a very slow rate, under a head of 
one cm. of Hg., nor a flow for one and a half hours at four 
times that gradient change the picture appreciably as shown 
by traces E and F. However, at 11.3 cm Hg. pressure the dis- 
tribution, G, was altered considerably in one hour. 


To obtain A of Fig. 10 the gas pressure was increased to 
17.9 em. of Hg. for 40 minutes and additional liquid was recov- 
ered. This time, B, the distribution changed when the core was 
shut in with pressure applied for 16 hours. Further liquid was 
produced and curve C obtained after flowing for 30 minutes 
at 22.9 cm. of Hg. pressure. In D gas had flowed for three 
hours at a pressure of 22.0 em. of mercury, while in E the flow 
was reversed for 30 minutes at 22.5 cm. Hg. It was again re- 
versed in F for 15 minutes at approximately the same pres- 
sure. On stopping the flow after it had continued for five min- 
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utes from left to right, G was obtained. The saturation dis- 
tribution then remained practically unchanged for 30 minutes 
while flow, was:continued in the same direction, as shown by 
trace H, at 1.6 cm. Hg. pressure. 


If the results obtained after sectioning the core can be con-— 
sidered to be representative of such samples, it appears that 
a discontinuity in capillary properties must be expected over 
at least a portion of the core face in passing from the body 
of a core into the space between the sections. How serious this 
effect will be in the measurement of relative permeabilities has 
not yet been determined. In many of the experiments there 
seems to be no noticeable piling up of liquid at the outflow 
end of the test core. However, if the observed saturation gradi- 
ents persist when flowing mixtures, unequal pressure drops in 
the two phases will normally be encountered. Moreover, at the 
joints equilibrium will generally be attained only after long 
intervals of flowing and considerable variation with time will 
probably be observed. 


In addition to the features already emphasized are the sharp 
saturation breaks that occur at the same location in the core 
in all the experiments. Particularly outstanding in this respect 
are the traces C of Figs. 6, 7 and 9. These variations were 
entirely unexpected as this core was found, on first scanning, 
to be more uniform than the average. 


Fluid Distribution During Desaturation by 
Capillary Pressure Method 


In experimentation of the capillary pressure type in which 
semipermeable barriers are employed, it is generally tacitly 
assumed that, at equilibrium, a discontinuity in saturation will 
exist at the interface between the core and the barrier. While 
it appears that this conclusion is justified from a theoretical 
point of view, no direct experimental tests of its validity seem 
to have been made. Furthermore, the saturation distribution 
during the transient stage before equilibrium is established has 
not been investigated. As the X-ray method of saturation is 
particularly suited to this type of study, experiments were 
started with the view of following the liquid distribution in a 
core during the desaturation process. 


For this purpose an alundum core, 9.6 cm. in length and 
2.58 cm. in diameter, having a permeability of 220 md. and 
porosity of 24 per cent was selected. The core was enclosed 
in a loose fitting lucite sleeve and mounted in a horizontal 
position so that it could be moved parallel to its length by 
means of the scanning motor. A spring pressed the core 
tightly against the barrier and Kleenex was used between the 
core and barrier to insure phase continuity. Sodium iodide 
was the saturating liquid and air the displacement medium. 
The results of the experiments are shown by the recorder 
charts reproduced in Fig. 11. The traces are of somewhat 
greater length than in the previous examples due to an increase 
in chart speed. 


The first trace A shows the dry scan of the core. While this 
sample lacks the uniformity of the core used in the previous 
experiment, it nevertheless was the best of several that were 
available at the time. Scan B is for the saturated core. Here 
as in all the records in the figure, the barrier is located at the 
end of the core corresponding to the right end on the scan. 
Trace C was taken two days later after the displacing pres- 
sure had been gradually increased to 12 cm. of mercury and 
about 0.4 ml. of liquid had been collected. The shift of this 
trace from the original saturated scan is too small to be en- 
tirely reliable. Scan D was made about an hour after the pres- 
sure was increased from 12 to 14 cm. Trace E followed by 
about half an hour a further increase of pressure to 16.6 cm. 
of Hg., and F corresponds to the same conditions one day 
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later. A scan taken just before the increase of pressure did 
not differ significantly from E. Traces E and F both indicate 
a lower saturation at the ends of the core than at the middle. 
The saturation was again recorded, G, after the pressure had 
been increased to 30.5 cm. of Hg. and maintained for 20 hours. 
The pressure was then increased to 39.8 cm. and four days 
later the core was scanned giving the trace H. In contrast to 
traces F' and F, G and H show a low value of saturation only 
at the barrier end. The saturation, corresponding to trace H, 
was approximately 26.5 per cent when computed from the 
volume of liquid displaced, while the average value from the 
X-ray surve using the simple absorption formula is about 27.0 
per cent. 

The shutter was not opened in time to catch the barrier in 
scan F, while traces G and H show a sharp hump at the core- 
barrier contact which is followed by the anticipated rapid 
decrease in intensity due to the high saturation in the barrier 
itself. A decrease in saturation is apparent at or in the imme- 
diate vicinity of the barrier-core contact possibly indicating 
lack of complete areal contact between the core face and 
barrier. 


DISCUSSION AND CONCLUSIONS 


The adoption of a second ionization chamber, which led to 
the development of the ratio circuit, followed the observation 
that saturation determinations were variable from day to day 
and even from one time to another during the same day due 
to changes in the intensity of the X-ray beam. It is obvious 
that the apparatus would be considerably simplified if the 
X-ray source could be stabilized to the extent that sufficient 
accuracy would be obtained with a single ionization chamber. 
Moreover, if only approximate saturation values are required, 
or if minor variations in fluid distribution are not significant, 
it is quite possible that a recorder comparable to those recently 
developed or under development by several instrument manu- 
facturers may be sufficiently sensitive and stable to measure 
the extremely small values of current that are available by 
this method. 


Since an X-ray generator is a rather costly piece of equip- 
ment and the output is subject to fluctuations due to variations 
in the power supply, some preliminary experiments have been 
made using y-ray sources. With the materials that have 
been commonly available, however, the sensitivity has not been 
as good as with the X-ray apparatus. On the other hand, for 
studies of saturation in thin core sections a beta ray recording 
gauge that is commercially available may be satisfactory. | 


As stated before, the experiments on the three section core 
indicate that sufficiently intimate contact between the faces to 
eliminate all boundary effects cannot be obtained. How serious 
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this effect will be on the determination of relative permeabili- 
ties is difficult to ascertain and will require more experimenta- 


tion and analysis. From some aspects the assembly seems to ~ 


be approximately equivalent to three separate cores. At high 
pressure gradients the saturation along the length of the test 
core is far from uniform, as is to be expected, and the pressure 
gradients will generally not be equal in the two phases. Fur- 
thermore, the segregation of gas at the boundaries may be 
expected to lead to discontinuities in the pressures which 
may seriously affect the results. 


The experiments do show that under certain conditions flow, 
in the non-wetting phase at least, may be maintained without 
seriously influencing the saturation distribution in a core. In 
relative permeability experimentation it therefore appears that 
the X-ray method may prove to be useful, not only for deter- 
mining the saturation of a core, but also to indicate when 
conditions are appropriate for the measurement. 


The above saturation distribution measurements on three 
section cores duplicate essentially some results obtained pre- 
viously for air-water and oil-water mixtures with the point by 
point X-ray saturation technique. The measured permeability 
saturation curves were not reproducible, however, and the 
results were not considered to be reliable. Whether the incon- 
sistency in results was due to failure to continue flow until 
equilibrium was attained, to an inherent variability in phase 
distribution and pressure gradients or to faulty experimental 
technique is problematical. In any case, work is being contin- 
ued on this method as it seems to be better adapted than the 
capillary desaturation technique to the solution of some 
problems. 
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PORE SIZE DISTRIBUTION OF PETROLEUM 


RESERVOIR ROCKS 


N. T. BURDINE, L. S. GOURNAY, AND P. P. REICHERTZ, MEMBER AIME, 


ABSTRACT 


An investigation of equivalent pore 
entry radii in typical samples of petro- 
leum-—reservoir rock and the pore vol- 
ume associated with each value of pore 
entry’ radius has been made. The- 
oretical discussions together with ex- 
perimental procedures for obtaining 
pore entry radii and the distribution of 
pore volume with pore entry radii are 
presented. Experimental results on a 
number of core samples, along with 
typical distribution curves, are shown. 
Data on the per cent of the pore volume 
filled by mercury at a pressure of 1500 
psi are included. The results of re-runs 
of samples, made possible by regenera- 
tive apparatus, show the repeatability 
of the data and indicate the amount of 
physical change in the samples by mer- 
- cury penetration. Theoretical equations 
for calculating permeability from pore 
size distribution data were derived and 
the results of such calculations are 
compared with measured gas perme- 
ability data. The effect of the shape, 
surface area, and weight of the sample 
on the pore size distribution of reser- 
voir rocks was investigated experiment- 
ally. Mercury capillary pressure curves 
are compared with those obtained by 
the porous diaphragm method using 
gas to displace water. 


Manuscript received at office of the Petro- 
leum Branch August 12, 1949. Presented at 
Branch Fall Meeting, San Antonio, Texas, 
“October 5-7, 1949. 

1 References are given at end of paper. 
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INTRODUCTION 


Standard core analysis techniques, 
in general, lead to quantities which are 
statistical averages of the varying prop- 
erties of the samples under examina- 
tion. Although such statistical informa- 
tion has real value in predicting the 
gross performance of porous bodies, it 
fails to provide fundamental informa- 
tion concerning the properties of the 
porous medium itself or any processes 
which may be occurring in it. For ex- 
ample, a gas permeability measurement 
on a core sample is an indirect way of 
determining an average pore radius for 
that particular sample. Since there are 
many combinations of pore radii that 
will give the same radius, and, hence, 
the same permeability, no information 
is obtained on the pore size distribu- 
tion. Furthermore, similar values in 
permeability do not imply similarity in 
other properties of a porous medium. 
For instance, it is possible to have two 
core samples with identical permeabil- 
ity which would have different residual 
oil contents at the end of an air-oil 
drive, or even different amounts of 
interstitial water. 


It has been recognized for some time 
by the petroleum industry that a deter: 
mination of pore size distribution for 
porous reservoir rocks offered promise 
of increased understanding of funda- 
mental flow processes in the porous 
matrix, and therefore of petroleum res- 
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ervoir performance in general. There 
have recently been published several 
methods for determination of pore size 
distribution in porous materials. A re- 
port is given here of the modifications 
in equipment and technique required to 
adapt one of these methods to meas- 
urements on petroleum reservoir core 
samples. Although only a few correla- 
tions or applications of the method are 
available for presentation at this time, 
the technique is brought to the atten- 
tion of the industry so that the opin- 
ions and experience of others with this 
or similar techniques may be exchanged. 
It seems possible that the method will 
have wide application in the future. 


METHOD 


There are three general methods 
which may be employed to measure the 
pore size distribution in naturally oc- 
curring rock formations. One method’ 
is based on experimentally determined 
adsorption isotherms for calculating the 
surface area of the porous medium. 
Knowing the surface area and the pore 
volume, a rough estimate of the pore 
radius can be made. Since this method 
depends on the thickness and uniform- 
ity of the adsorbed layer, the validity of 
the results would be highly question- 
able. 


A second method utilizes capillary 
pressure data obtained by static dis- 
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placement of a wetting fluid from a 
sample in contact with a semi-perme- 
able porous diaphragm. Although par- 
tially successful for the determination 
of interstitial water curves, the inherent 
errors and limited pressure that may be 
used eliminate this method for pore size 


distribution studies. 


A third method, employed by Pur- 
cell’ in an investigation of capillary 
pressures in reservoir rocks, and by 
Drake and Ritter’ in the measurement 
of the pore size distribution of catalysts, 
uses a “non-wetting” fluid, mercury. 
The technique of Drake and Ritter, with 
modifications, has been applied to the 
study of pore entry radii and the dis- 
tribution of pore volume with pore 
entry radii in reservoir rocks. 


In the theory of Drake and Ritter’ 
two equations were developed, for the 
penetration of a “non-wetting” liquid 
into a porous solid, namely, 


PR 220 C0806 ale i CL) 


and 


DCR) ee ee eS 
(R;) R, ip (2) 


A pressure-volume curve is plotted 
from experimental data. By graphical 
differentiation of this curve, values of 


the derivative in Equation (2) required 
to evaluate D(R,) are readily obtained. 
For a number of values of p, the pres- 
suring curve is differentiated to obtain 
d(V,-—V)/dp, R; is calculated from 
Equation (1), and D(R,) from Equa- 
tion (2). Plotting D(R,) against R, 
gives the distribution curve. 


The value of D(R,) may be deter- 
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FIG. 1 — DILATOMETER, MOD. IV FOR PORE 
SIZE DISTRIBUTION MEASUREMENTS. 
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mined directly from the pressure vol- 


ume curve, where D(R;) is the average 


value of the distribution function in 
the radii interval R, to R; + AR. By 


definition® 


weer as , 

D(R,;) AROS (13) 
The incremental volume, v, (fractional) , 
is read off the pressure-volume curve, 
divided by AR, and plotted against 
R,+%AR, giving the distribution 
curve. This type of graphical differen- 
tiation employs the chord instead of 
the tangent, with accuracy inversely 
proportional to the length of the incre- 
ment. 


APPARATUS AND 
PROCEDURE 


An apparatus suitable for determin- 
ing the pore size distribution in porous 
media has the following essential com- 
ponents: (1) a system wherein the 
pressure can be varied from small abso- 
lute values (high vacuum) to 2000 psig 
or higher; (2) a closed system for 
evacuating the sample and immersing 
it in the “non-wetting” liquid at a few 
microns (Hg) pressure; (3) and, final- 
ly, a system for measuring the quantity 
of “non-wetting” liquid that penetrates 
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FIG. 2— MERCURY IMBIBITION CURVES; MERCURY-FILLED PORE 
VOLUME VS. PRESSURE. 
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FIG. 3 — EQUIVALENT PORE ENTRY RADIUS VS. DISTRIBUTION 
FUNCTION. 
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the sample for a given pressure change. 
The component parts of the apparatus 
used in this investigation are described 
below. 


The vacuum system consists of a 
single stage, high speed, mercury dif- 
fusion pump backed by a Welch Duo- 
Seal, Hy-vac pump. A McLeod gauge 
and mercury manometer are inserted 
for pressure (or vacuum) measure- 
ments and a tube filled with calcium 
sulphate (CaSO,) for admitting dry 
air to the system is included. 

The electrical system is used’ for 
measuring the quantity of “non-wet- 
ting” liquid (mercury) that penetrates 
the sample for a given pressure change. 


1600) 
SAMPLE No 682 
1400 PERMEABILITY 20 (md.) 
POROSITY !7:0% 
—— RUN No.l 
1200 o---o RUN No.2 
é 
‘800 
= 
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The essential components are: a type 
K, L&N potentiometer, a standard 100- 
ohm resistance, a Rubicon galvanome- 
ter, variable resistance boxes, and the 
platinum resistance wire installed in 


Table I 


Dilatometer Calibration 


Ohms/ce Pressure (psi) 


2.2953 0-1500 


Volume Variation (cc) 


+ .0006 


the capillary of the dilatometer. If the 
current in the circuit is adjusted to a 
constant value by means of the poten- 
tial drop across the standard 100-ohm 
resistance, the resistance to be meas- 
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ured (the platinum wire) is then deter- 
mined directly by its potential drop. 


For readings above atmospheric pres- 
sure, a high pressure steel chamber or 
bomb of sufficient size to contain the 
dilatometer was constructed. The bomb 
was connected to a high pressure (2000 
psi) nitrogen bottle with suitable pres- 
sure gauges, valves, and fittings, and 
wired electrically for resistance meas- 
urements. 


The dilatometer used in these studies, 
Fig. 1, was made of pyrex glass. It con- 
sisted of a sample chamber connected 
to a capillary tube and surrounded by 
a jacket. This arrangement reduced the 
pressure differential between the inside 
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FIG. 4 — EQUIVALENT PORE ENTRY RADIUS VS. DISTRIBUTION 
FUNCTION. 
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and outside of the sample chamber a ea, increase before the final re- 


a minimum for all pressures. A No. 36 
B&S gauge platinum-iridium wire with 
appropriate leads for electrical connec- 
tions to the outside was mounted inside 
the capillary tube. The dilatometer cali- 
bration results are shown in Table I. 

After preparations* the sample is 
placed in the dilatometer and the sys- 
tem is evacuated to a final pressure of 
2 to 3 microns of mercury. The capil- 
lary tube and the sample chamber -are 
now filled with mercury and the resist- 
ance of the capillary wire recorded. 
The pump is isolated from the dilatom- 
eter and dry air is admitted in incre- 
ments to the system, thereby increas- 
ing the pressure on the mercury sur- 
rounding the sample. The volume of 
mercury entering the sample for a given 
pressure change and, hence, the pore 
volume associated with this particular 
increment in the value of pore entry 
radius, is determined by the increase 
in resistance of the capillary wire, as 
the mercury recedes in the capillary 
upon entering the porous sample. Due 
to temperature changes in the system by 
admission of air, or due to an apparent 
lag in the mercury penetrating the sam- 
ple for a given pressure increase, or 
both, the initial resistance readings are 
too low. It is therefore necessary to 
wait until the system stabilizes for each 


* Samples are extracted in a Soxhlet extrac- 
tor using benzene for 24 to 48 hours and dried 
for at least 24 hours in an oven at 90°C. 
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“MUM sistance is measured and_ recorded. 


(The ambient temperature changes of 
the air-conditioned room are consid- 
reed to be negligible.) This procedure 
of alternately increasing the pressure 
and measuring the change in resistance 
is continued until atmospheric pressure 
is reached. The inside of the dilatom- 
eter surrounding the pressure chamber 
and the pressure bomb are partially 
filled with water to minimize tempera- 
ture variations and to reduce the air 
space. The dilatometer is then trans- 
ferred to the bomb and the readings are 
continued, as above, to 1500 psig or 
higher, using nitrogen for the pressuriz- 
ing gas. After converting the resistance 
readings to volumes of mercury by a 
previously determined calibration curve, 
a pressure-volume curve may be plotted 
for the particular sample. 


Physical Effects of 
Sample Regeneration 


After several experimental tests were 
made to determine the pore size dis- 
tribution in reservoir rock samples, it 
became apparent that much additional 
information could be obtained if re- 
runs on the test samples were possible. 
Such information would show, (1) the 
physical changes in the sample due to 
the penetration of the mercury into the 
pore spaces, and, (2), the magnitude 


DIVIDING FACTOR 


6 4 2 (0) 
EQUIVALENT PORE ENTRY RADIUS (MICRONS) 
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and effect of the experimental errors on 
the repeatability of the data. Also, in- 
completed runs that were halted during 
the experiment for various reasons 
could be started anew. The preparation 
of a sample for the re-run necessitated 
the removal of mercury imbibed dur- 
ing the previous run. This was accom- 
plished by vacuum distillation. 


The apparatus for sample regenera- 
tion consisted of a pyrex glass tube 
sample chamber surrounded by a heat- 
ing coil and connected to a Hy-Vac 
pump through a CO, trap. 


Samples containing mercury are 
placed in the sample chamber, evacu- 
ated and heated to 180°C. (356°F.) 


for several hours. When the weight of 


Table II 


Measured (Gas) Permeabiilty 
Before and After Pore Size 


Experiments 
Permeability (md) 
Sample 
Number Before Pore After Pore 
Size Run Size Run 
261A 0.47 0.50 
12A 97.8 94.0 
12B 100.8 95.2 
174C 37.9 38.2 


the sample has been reduced to the 
weight before imbibition of mercury, 
it is assumed that all of the mercury 


has been removed from the sample. 


On 40, 160 160 200 240 280 320 360400446 
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FIG. 8 — EQUIVALENT PORE. ENTRY RADIUS VS. DISTRIBUTION 


FUNCTION. 


FIG. 9—D.V.D.NG FACTOR VS. MEASURED (GAS) PERMEABILITY CURVE. 
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The pressure-volume curves (Fig. 2) 
for the first and second runs on a reser- 
voir rock sample show excellent repeat- 
ability of data and indicate low order of 
magnitude of experimental errors. Also, 
the distribution function curves (Fig. 
3) for the same sample are very simi- 
lar. An extreme case, that was observed 
on only one sample (Fig. 4) gave a 
broad peaked distribution curve for the 
first run and a considerably sharper 


peak for the second run. When the im- 
bibed mercury was being removed from 
this sample by vacuum distillation a 
fine gray powder formed on the walls 
of the chamber and the outside of the 
sample. The chemical composition of 
the powder: or the cementing material 
of the sample was not determined. 


If the entrance openings to the pore 
spaces are enlarged by the penetration 
of the mercury, the gas permeability 


Table III 
Per Cent Pore Volume Filled During Mercury Imbibition to 1500 PSIA 
Meas. (Gas) Pore Volume Meas. (Gas) Pore Volume 
Permeability Filled (%) Permeability Filled (%) 
Sample No. (md) at 1500 psia Sample No. (md) at 1500 psia 
17 76 93 80 
86 69 36 71 
2.6 85 20 78 
0.5 56 52 68 
38 75 1440 82 
41 78 30 55 
67 53 22 85 
if 72 20 84 
16 77 <0.01 60 
29 78 46 57 
81 61 88 77 
88 73 16 62 
38 61 75 61 
20 59 112 80 
440 85 5 68 
Table IV 
Dividing Factor - Permeability Data 

Meas. (Gas) Calculated* ee 

Per Cent Permeability | Permeability Dividing 

FRL Sample No. Porosity (md) (md) Factor 

13 19.6 131 6.7 

25 5.1 49.7 9.7 

20 112 709 6.3 

20 140 359 2.6 

24 440 1610 oar 

21 88.2 357 4.1 

21 88.4 356 4.0 

17 20 181 9.1 

17 75 366 4.9 

19 38 292 tbat 

15 16 154 9.6 

17 67 318 4.7 

16 46 401 8.7 

18 6.7 38.3 5.7 

16 29 151 5.2 

15 40.8 213 5.2 

18 86.1 333 3.9 

17 29.6 90.4 3.1 

10 2.6 29.4 11.3 

12 17.1 50.9 3.0 

10 22-4 43.2 2.0 

17 35.5 205 -5.8 

17 37.9 203 5.4 

14 16 115 7.2 

14 20.1 139 6.9 

19 93.0 456 4.9 

20 1440 4390 3.1 

23 66.6 354 5.3 

18 61.9 269 5.2 

17 0.5 BF) 4.1 8.2 

17 237 1937 4.0 

20 493 1860 3.8 

20 150 590 3.9 

20 213 1020 4.8 

23 179 841 4.7 

20 205 718. 3.5 
Not Measurable 0 Negligible —_ 


*No dividing factor used. 
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should be increased by successive pore 
size distribution runs. To test this, gas 
permeability measurements, were made 
on a number of reservoir samples be- 
fore the pore size data were taken and 
after the removal of the imbibed mer- 
cury. No appreciable increase in per- 
meability, Table II, was observed for 
any of the samples. 


It may be concluded from the above 
tests that the apparatus and procedure 
for acquiring pore size distribution data 
on a reservoir sample are satisfactory 
and that the physical characteristics of 
the sample are not, in general, altered 
in the process. 


RESULTS 


Pore size distribution data have been 
obtained on 100 samples taken from 
several reservoir formations. Typical 
pressure-volume curves are shown 
(Figs. 5 and 6) for samples that have 
widely different gas permeabilities. 
Also, the distribution function curves 
for the same samples (Figs. 7 and 8) 
illustrate the type of distribution and 
the size of the pore entry radii to be 
expected in the respective permeability 
ranges. 


Pore Volume Filled by Mercury 


The per cent of the pore volume filled 
by mercury at maximum pressure 
(1500 psig), Table III, varied with the 
permeability of the sample and ranged 
from 53 to 85. 


According to Equation (1), the small- 
est pore filled at 1500 psig has an 


equivalent entry radius of 716A (1A = 
10° cm). Hence, a large percentage of 
the pore space (over 45 per cent for one 
case above) has entry radii less than 


° 
716A and is not filled with mercury at 
the maximum pressure used. 


An apparatus has been assembled 
that will increase the pressure range to 
10,000 psi. If Equation (1) is applic- 
able**, this will extend the lower radii 


region filled by: mercury to 108A and 
will include an estimated 95 per cent 
of the total pore volume of most reser- 
voir samples. . 
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Geological Correlation 


A study of pore size distribution data 
obtained to date shows that distribu- 
tion curves for samples from a particu- 
lar geological formation sometimes have 
similar characteristics, whereas distri- 
bution curves from another formation 
may have very little in common. If geo- 
logical formations are found to have 
characteristic distribution curves in 
general, the exceptions to this trend 
may perhaps be ascribed to relatively 
large amounts of clays and various 
chemical compounds occluded in the 
formation. When sufficient data are 
available, definite conclusions may be 
made in regard to this possible type 
of correlation. 


Permeability Calculations 
and Results 


Two equations were developed for 
calculating the permeability of a por- 
ous medium from pore entry size dis- 
tribution data. (See Appendix for de- 
rivations). One equation contains the 
distribution function, and the other, the 
pressure-volume relationship. The equa- 
tions are: 


= D(R,) Ry 
100 ¢ i=o pas 
mals 
k=— 1s) 
= D(R;) 
i=o 
and 
100 ¢ =, 
ke ee Vv R; 
8C = ——  . (a7) 
x? Ry 


In these equations all factors are 
known or determinable except the fac- 
tor, x;, which is proportional to the 
“effective” capillary length. If the “ef- 
fective” capillary lengths of all the 
pores for all samples are the same, the 
factor, x,°, may be written as a “divid- 
ing factor”, f, in the equations above. 
The value of f may be shown both the- 
oretically and experimentally for close- 
packed spheres of uniform size to be 
(7/2)*®. Since naturally occurring 
rock structures vary considerably from 
this ideal “sand” pack, the values of the 
factors, f, for various permeability 
ranges apparently can be determined 
only by experimental measurements. 
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Data obtained by the authors have been 
plotted with the measured gas perme- 
ability versus the “dividing factor” 
(Fig. 9) that makes the calculated val- 
ues the same as the measured values. 
A curve was drawn through the data 
points to show the general trend. Table 
IV shows the detailed data used. 


An analysis of the data indicates that 
the factor, f, varies inversely with the 
permeability of the sample. Since the 
pores with the smaller radii might be 
expected to have the more random paths 
through a porous medium, the factor, 
f, would be greater for the smaller 
pores than for those of larger radii. 
Values of the capillary 
lengths were estimated from the accu- 
mulated data. These results, the gen- 
eral trend of the “dividing factor” 
curve, and the probability that the pores 
of larger radii approach more closely 
those of the “ideal” sand pack were 
instrumental in the formulation of the 


“effective” 


empirical formula 


X= One F183 (18) 
using the values of x; determined by 
this equation permeabilities were cal- 
culated (Table V) and plotted against 
the measured gas permeabilities, Fig. 
10, for the samples tested. 


It is observed that the calculated per- 
meabilities for five of the samples were 
low and probably outside the range of 
experimental error. These samples were 
taken from a field in which a consider- 
able amount of fine interstitial material 
was present. Further study and accu- 
mulation of data are necessary to verify 
the empirical Equation (18). 


Of special interest are those samples 
which gave abnormally low or high di- 
viding factor values. A study was made 
of the distribution curves, Fig. 11, for 
three samples, the data for two of which 


PORE SIZE DISTRIBUTION OF PETROLEUM RESERVOIR ROCKS 


deviated from the norm, despite the 
fact that the measured gas permeabil- 
ities of all three were about the same: 
20 md. All three of these curves indi- 
cated different mean pore entry radii, 
enclosed different total areas and, there- 
fore, different pore volumes for, a chosen 
radii interval; but the one with the least 
mean pore entry radius had the largest 
pore volume, the one with the next 
larger mean pore entry radius had the 
second largest pore volume, and the one 
with the largest mean pore entry radius 
had the least pore volume. These facts, 
in conjunction. with the variations in 
dividing factors, explain qualitatively 
how it is possible for the three samples 
to have the same permeability, although 
being widely different structurally. 


It is seen from the foregoing that 
Equations (15) or (17) may he used 
to calculate the permeability of porous 
media from pore size distribution data. 


Table V 


Measured (Gas) Permeability vs. 
Calculated Permeabilities 


| 
FRL Measured (Gas)| Calculated* 
Sample Per Cent Permeability | Permeability 
No. Porosity (md) (md) 
13232 20 140 68 
686 16 46 98.5 
161B 18 6.7 2.9 
163A 16 29 20 
164B 15 40.8 35.8 
164C 18 86.1 71.2 
169B 17 29.6 11.6 
171C 12 re 5.6 
171D 10 22 4.4 
173C 14 20.1 20.5 
173D 14 16 15.8 
174B 17 35.5 34.2 
174C 17 37.9 35.9 
190A 19 93.0 93.7 
311A 23 66.6 Was 
311B 18 51.9 63.5 
261A 17 0.5 0.2 
12618 17 237 245 
13996B 20 493 524 
15809 20 150 140 
6 20 213 264 
951 23 179 209 
53 20 205 166 
682 17 20 23.8 


*Used xj = f(Ri). 


Table VI 
Physical Measurements of Samples 
Gas 
< Total Pore 
Sample} Permeability Run No. Weight No. of Surface Vol ili 
0. Pp 
No. (Meas.) md (gms) Pieces Area (cm?) Filled (%) Caley ae 
14564 112 1 22°42 1 29.2 8 
14564 1B ; 2 16-19 Sample Crushed 3 220 
(5. ; 1 31.8 68 49.7 
13302 Al 2 26.09 2 4 
13302 5.1 3 22.61 4 820 ar ey 3 
13302 5.1 4 18.73 16 69.2 64 80.7 
174-B 35.5 1 27.28 1 29.8 71 205° 
2 15.90 2 21.5 73 244 
3 16.03 4 51.2 79 306 
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The results of the investigation indi- 
cate a reasonably accurate and satis- 
factory method for permeability meas- 
urements. If the permeability is known 
and the pore size distribution data are 
available, the lithology factor, f, may 
be determined by similar equations. 


Water Capillary Pressure 
Determinations 


Equation (1), namely, 
pR, =-2ccos 0 
may be used to determine capillary 
pressure curves for “wetting” fluids as 
well as for “non-wetting” fluids in 
porous media. The difference lies in 
the values of the constants, o and @. 
The value of contact angle between the 
reservoir solid and water was assumed 
to be that determined between quartz 
and water. This value, as well as the 
value of surface tension for the mer- 
cury-air interface, was taken from the 
International Critical Tables. The val- 


a) 
S 
> 
be 
= 
a 
< 
J 
= 
ao 
uJ 
a 
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ues so obtained were « = 72.75 dynes 
per cm and 9 = 0°. 

Using the mercury capillary pressure 
data (for about ten sandstone samples), 
water capillary pressure data were cal- 
culated by Equation (1), plotted, and 
compared with the results obtained by 
the porous diaphragm method. A typi- 
cal curve is shown in Fig. 12. The por- 
osities of these samples were estimated. 
Considering the assumptions made and 
experimental errors involved, the cor- 
relations of results are very good. The 
discrepancies that appear, especially at 
the extremes of pressures, are under in- 
vestigation theoretically and _ experi- 
mentally as more data are accumulated. 


External Surface Area, Weight, 
Shape Factor Effects of Samples 

In the study of iregularly shaped 
samples, experimental measurements 
were made to determine the effect of 
external surface area, weight, and shape 


FIG. 10 — PERMEABILITY CALCULATED BY EFFECTIVE CAPILLARY LENGTH VS. MEASURED 
GAS PERMEABILITY. 
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of the sample on the pore size distribu- 
tion data. This necessitated pore size 
measurements on a sample and re-runs, 
on the same sample, with successive 
changes in one or more of the physical 
factors. For example, the first run was 
taken on a sample in one piece and the 
re-run data were taken with the sample 
crushed into many pieces. The pressure- 
volume curves showed increased volume 
values in the low pressure range for 
the second run and the calculated per- 
meability was 75 per cent higher than 
that for the first run. 


The procedure for making multiple 
samples by cutting the originals was 
altered to make possible plane area 
measurements, uniform shapes, and 
constant weights. Physical measure- 
ments, calculated permeabilities, and 
other data are shown in Table VI. A 
typical set of pressure-volume curves 
and distribution function curves are 
shown in Fig. (13) and (14), respec- 
tively. 


General observation of these data re- 
veal that the volume of mercury pene- 
tration in the low pressure range in- 
creases as the surface area per unit 
weight increases, but a quantitative re- 
lationship between the two has not been 
determined. Too, the increase in calcu- 
lated permeabilities with increase in 
surface area is erratic and inconsistent 
and the per cent of pore volume filled 
by mercury at maximum pressure (1500 
psi) varies from run to run for every 
sample. These variations may be ex- 
plained partially by the change in effec- 
tive pore volume when the sample is 
cut, due either to secluded pores being 
made available to mercury penetration 
or to the destruction of pores in the 
line of cut. 


An apparatus was developed to meas- 
ure the bulk volume of the sample in 
place in the dilatometer and thus make 
possible the ultimate determination of 
the porosity from total imbibed mer- 
cury at a pressure of 10,000 psi. This 
was accomplished by measuring the vol- 
ume difference to fill the sample cham- 
ber with and without the sample. The 
accuracy of measurement on cylindrical 
aluminum plugs of known bulk volume 
was approximately -+0.1 per cent, 
whereas reservoir samples gave porosity 
values consistently higher by this meth- 


201 


T.P. 2893 


od than by independent methods. The 
apparent increase in porosity was 
caused by void spaces formed between 
the sample and the walls of the sample 
chamber. The effect of such voids on 
the pressure-volume curves is as if the 
sample had pores with large radii. Too, 
the data taken on samples with various 
surface areas were undoubtedly affected 
by these and other voids between the 
sample pieces, to the extent that corre- 
lation between the increase in surface 
area and the in calculated 
permeability was impossible. 


increase 


CONCLUSIONS 


The invesigation of pore entry ‘size 
distribution in naturally occurring res- 
ervoir rocks has involved the develop- 
ment of an apparatus for experimental 
measurements, the accumulation of pore 
entry size distribution data on samples 
taken from various formations, and the 
derivation of theoretical equations for 
applications and correlations of the 
data. 


The apparatus is simple to operate, 
accurate, and reliable. For all practical 
purposes, the range of data is not lim- 
ited by the equipment that may be 
built. For example, the pressure range 
is now being extended to 10,000 psig 


300 
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with no experimental difficulties antici- 
pated. The 
straightforward and on a routine basis. 
The time required for a complete test, 


operating procedure is 


starting after preparation of the sam- 
ple and ending with the calculation of 
the data and plotting of the curves, is 
from 3 to 4 hours. 


The data obtained from the 100 sam- 
ples on which this report is based, with 
the corresponding pressure - volume 
curves and distribution function curves, 
represent a cross-section of the type of 
information to be expected from pore 
entry size studies of reservoir rocks. 

The investigation of the effect of 
weight, shape, surface 
area of the sample on the data has not 
been completed. Probably the external 
surface area effects observed thus far 
were caused mainly by the apparent 
pore volume between the sample pieces 


and external 


or between the sample pieces and the 
walls of the sample chamber. When the 
apparent pore volume has been elimi- 
nated, it is expected that the effect of 
the shape and external surface area on 
the measurements will be negligible. 


Using the theoretical Equation (17) 
and the empirical Equation (18), per- 
meabilities can be calculated from pore 
size distribution data within engineer- 
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EQUIVALENT PORE ENTRY RADIUS (MICRONS) 
FIG. 11 — EQUIVALENT PORE ENTRY RADIUS VS. DISTRIBUTION FUNCTION. 
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ing accuracy, except for rare cases. 
These equations in conjunction with 
pore size distribution data are of prime 
importance in fundamental flow studies 
of porous media. 


The data accumulated so far indicate 
that water capillary pressure curves 
may be determined from mercury cap- 
illary pressure data taken from small, 
irregularly shaped samples, with the 
pressure range greatly exceeding that 
possible by the porous diaphragm 
method. 


Finally, work is continuing to accu- 
mulate more data, to refine the method, 
and to extend the range of application 
in the study of porous media. 


SYMBOLS 


The following definitions are applied 
to the symbols used in this report: 


o Surface tension (dynes/cm) 


6 Contact angle (degrees) 


R, Pore entry radius (cm or 
microns, i= 12,3 - = - 

p Pressure (cm-Hg, psi, 
dynes /cm’) 


Distribution function (cm’) 
V_ Volume (cc) 

v; Incremental volume (fraction 
of total pore volume) 


SAMPLE No. 286 
PERMEABILITY 10-6 (md.) 
@WATER POROUS DIAPHRAGM DATA 
x PO SEB OGTRIBUTION DATA 
ESTIMATED TO BE 80%) 
xGRAVIMETRIC DATA 
DIAPHRAGM METHOD) 


WATER CAPILLARY PRESSURE (PSIA) 


fe) 
20 30 40 50 60 70 80 


90 100 
WATER SATURATION (% OF PORE VOLUME) 


FIG. 12 — WATER CAPILLARY PRESSURE 
CURVE. 
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V, Total pore volume (cc) 


Average distribution function 
(cm’*) 
AR Constant pore entry radii in- 
terval (cm) 
Q_ Rate of flow (cc/sec) 
uw Viscosity (poises, dyne- 
sec/cm’) 
L_ Length of sample (cm) 
n, Number of pores in the 
range AR 


n Number of terms included in 
sum 


k Permeability (darcys) 
@ Porosity (fractional) 
C Conversion constant (9.87x 
10“ atmos/dynes “cm’) 
f Dividing factor 
L, “Effective” capillary length 
(cm) 
x, Proportionality factor 
(ratio of L, to L) 
A Area of cross-section of 
sample (cm’) 
~k, Measured gas permeability 
(darcys) 
Vv,» pore volume (cc) 


Vu, Total volume of pore space 
filled by mercury (cc) 
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APPENDIX 


The rate of flow of a fluid through 
a single capillary is according to Poise- 
uille’s Equation 


Die ee ee temas Ch 


The equivalent expression for the rate 
of flow of a fluid through an assemblage 


-of parallel capillaries, each of the same 


length but having varying values of ra- 
dius, is 
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and n, is the number of pores in the 
range AR. 


Now, 


o=— 


M 
= 
! 


A 
(5) 


where ¢ is the fractional porosity, A is 
the area of cross-section, and 
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Instead of assuming that the capil- 
laries have equal lengths consider each 
radii interval with an “effective” capil- 
lary length, L;. Also, let 


L;=x,L peered (653) 


Then Equation (6) becomes 
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Also, the rate of flow through this 

same system is given by Darcy’s Law: 
Opies. “GA 

Neem aval 1,0) Bae 


(11) 


where k is the permeability in darcys. 
Combining Equations (9), (10), and 
(11) gives 
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where y, is the fractional of total pore 
volume~in the radii interval R,; to 
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Substituting Equation (14) in (12), 
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(15) 
Also, from Equation (13) 
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Combining Equations (16) and (12) 
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THE SP LOG IN SHALY SANDS 


H. G. DOLL, MEMBER AIME, SCHLUMBERGER WELL SURVEYING CORP., RIDGEFIELD, CONNECTICUT 


ABSTRACT 


As a continuation of the earlier paper on the general sub- 
ject of the SP log, a more complete analysis of certain fea- 
tures of the SP log in shaly sands is given. The pseudo-static 
SP in front of shaly sands is compared, on a theoretical basis, 
to the static SP in front of clean sands, as a function of the 
respective amount of shale and sand in the formation, and of 
the relative resistivities of the shale, of the uncontaminated 
_ part of the sand, and of the invaded zone of the sand. 


As a conclusion, the advantage of using reasonably conduc- 
tive mud in this case is shown. 


The discussion is illustrated by field examples. 


INTRODUCTION 


The discussion reported in the present paper is based on a 
theoretical analysis, and not on experiment. The field ex- 
amples, joined to the text, are shown only as qualitative illus- 
trations of the essential results of this analysis. Although the 
hypotheses made in the theoretical developments may perhaps 
be somewhat improved, it seems, nevertheless, that the results 
obtained account reasonably well for the actual phenomena, 
and give a fair approximation of their order of magnitude. 


The paper contains a mathematical analysis of a tri-dimen- 
sional distribution of potentials and current lines, due to 
spontaneous electromotive forces arising at the contact of 
shales and free electrolytes, as a function of the geometry and 
of the respective resistivities of the different media involved. 
It is assumed, although this hypothesis is not proven, that 
the emf’s remain the same even if the shale occurs in very 
thin layers or in dispersed particles. : ; 


1,2,3 


It has already been pointed out"””* that, all other conditions 
_ being the same, the deflection of the SP log in front of a shaly 
sand is smaller than opposite a clean sand. When the thick- 
ness and the conductivity of a clean sand are large enough, 
the deflection of the SP log reaches a limiting value which is 
equal to the “static SP” of the clean sand. It is generally 
convenient to take the static SP of shale as the reference value 
- or “base line.” As a consequence, and for the sake of abbre- 
viation, the expression, “static SP of a clean sand,” is often 
used to designate the difference between the static SP of 
that sand and that of the shales, which difference is a measure 
of the total electromotive forces involved in the chain mud 
sand-shale. 


A similar limiting value is also observed for the SP deflec- 
tion opposite a thick shaly sand, but it is smaller, just as if 


‘References are given at end of the paper. 


Manuscript received at the office of the Petroleum Branch October 18, 
1949. Paper presented at the Petroleum Branch meeting October 20-21, 
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the total electromotive force involved were smaller in that 
case. This limiting value has been called the “Pseudo-Static 


SP” of the shaly sand. 


The static SP of a clean sand depends on the salinity of 
its connate water with respect to that of the mud, and, to a 
certain extent, on the differential pressure which controls 
the electro-filtration potentials, but it does not depend on the 
resistivity of the sand. On the contrary, the pseudo-static SP 
of a shaly sand depends not only on the salinity of its connate 
water and on the differential pressure, but also on the per- 
centage of shale and on the resistivities of the shale, of the 
uncontaminated part of the sand, and of the zone invaded 
by the mud filtrate. 


If the three resistivities above were equal, the pseudo-static 
SP would be proportional to the percentage of sand in the 
shaly sand, and its departure from the static SP of a clean 
sand having the same connate water would simply be propor- 
tional to the percentage of shale. In that case, the pseudo- 
static SP of a shaly sand containing 10 per cent of shale would 
be 10 per cent less than the static SP of a clean sand. 


When, however, the sand is, on the average, substantially 
more resistive than the shale, the percentage of departure of 
the pseudo-static SP from the static SP of a clean sand is 
much larger than the percentage of shale. For that reason, 
the peaks of the SP log opposite shaly sands are systemat- 
ically of smaller amplitude when the sands are oil-bearing 
than when they are water-bearing, all other conditions being 
the same. This feature is observed even when the sand beds 
are thick, and even when they do not contain a large per- 
centage of shale. 

All this has already been described in an earlier publica- 
tion’, but mostly in a qualitative way. The present paper will 
analyze in more detail the action of the local SP currents 
which are generated inside of the shaly sands, and which are 
responsible for the abnormally low value of the pseudo-static 
SP. The quantitative computations have been extended to the 
general case of thin interbedded layers of sand and shale, 
where the resistivities of the shale and sand streaks do not 
have the same value: they are summarized in charts giving 
values of the pseudo-static SP of a shaly sand as a function 
of the different parameters involved. 


DEFINITIONS 


The static SP of a clean sand has been defined as the poten- 
tial that would exist in the mud opposite that sand, were the 
SP current prevented from flowing. Such an ideal condition 
is represented on Fig. 1-A. 

By analogy, the pseudo-static SP of a shaly sand can be 
defined as the potential that would exist in the hole, if the cir- 
cuit shaly sand —surrounding shales— mud column were 
interrupted by the insulating plugs placed at the boundaries 
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between the shaly sand and the surrounding shales, as repre- 
sented in Fig. 1-B, in which it is assumed that the connate 
water in the invaded zone has been completely displaced by 
the mud filtrate, and that there are no electromotive forces 
between the mud column and the invaded zone in the sand 
layers. Under these conditions, the potential in the mud corre- 
sponds to the diagram represented in solid line, and the 
pseudo-static SP is, as defined, the average value of the 
potential opposite the shaly sand (i.e., disregarding the rip- 
ples, which, in fact, are negligible if the individual beds of 
sand and shale are thin enough). 


It must be remarked that in Fig. 1-B, the insulating plugs 
interrupt only the circuit of the SP current which normally 
would flow into the shaly sand, from the shaly sand into the 
surrounding shales, and. back from the surrounding shales 
through the mud column and the invaded zone. This SP’current 
should be differentiated from local currents whose whole paths 
are small and remain inside of the shaly sand itself. The for- 
mer will be referred to as the “external SP current” (dashed 
lines on Fig. 1-B), the latter as the “internal SP current” 
(solid lines on Fig. 1-B). Under normal conditions, i.e., in the 
absence of insulating plugs, the external SP current is free 
to flow and produces in the mud column, by ohmic effect, the 
potential differences which are recorded on the SP log (dashed 
diagram, Figs. 1-A and 1-B). 


The internal SP currents represented on Fig. 1-B, and 
which flow from the invaded zone of each sand streak into its 
uncontaminated part, and back through the surrounding shale 
streaks, are generated in exactly the same way as the external 
SP currents, because of the existence of the electrolytic chain 
mud filtrate — connate water — shale. These internal currents 
produce potential differences by ohmic effect both in the shale 
streaks and in the sand streaks, and the respective values of 
these ohmic drops of potential, in the shale parts and in the 
sand parts of their circuit, determine the value of the pseudo- 
static SP, as explained later on. 


QUANTITATIVE ANALYSIS OF THE PSEUDO- 
STATIC SP IN SHALY SANDS 


The following assumptions will be made: 


1. The shaly sands are thick and are constituted of alter- 
nating sequences of pure thin sands and pure thin shales. 


Y Ys 


—— STATIC SP 
=--- ACTUAL SP 
(insulating plugs 
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I hy 
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THE SP LOG IN SHALY SANDS 


2. In a given shaly sand, all the thin sand beds are identical 
and have the same thickness h, whereas all the thin shale 
beds are also identical and have the same thickness h’,: 
so that the average proportion of sand and shale is the 
same at all levels. 

3. The individual thicknesses, h, of the sand beds, and, h’, 
of the shale beds are both small in comparison with the 
diameter of the hole. 

4. The depth of penetration of the mud filtrate into the 
individual sand beds is large in comparison with their 
thicknesses. 

5. The effect of the electrofiltration potentials can be neg- 
lected* and there is no other electromotive force across 
the mud cake. 


For reasons of convenience, the following cases will be con- 
sidered in succession: 


(a) Shaly sand with 50 per cent sand and 50 per cent shale, 
in which there is no diffusion between the mud filtrate 
and the connate water. This is an ideal case in which 
the thickness of the sand beds is supposed to be the 
same as that of the shale beds. Moreover, in the sands 
the zone which is invaded by the mud filtrate, and the 
uncontaminated zone, are both considered to be homog- 
enous, and to make a sharp contact with each other. 

(b) Shaly sand with 50 per cent sand and 50 per cent shale, 
with diffusion between mud filtrate and connate water, 
and with a continuous variation in the oil saturation 
throughout the invaded zone. 

(c) Shaly sand in which the thickness of the sand beds is 
not the same as that of the shale beds, also with diffu- 
sion and a continuous variation of the oil saturation. 


Shaly Sands with 50 Per Cent Shale, 
50 Per Cent Sand and No Diffusion 


This case is, of course, of a purely theoretical nature, but 
it is very useful to consider it as a first step in the analysis. 
Fig. 2 represents a very thick shaly sand of that category, 
and shows schematically the internal currents which flow in 
each sand bed from the invaded zone — supposed to be 
homogeneous — into the uncontaminated zone, and back 


*This effect is analyzed in another paragraph at the end of the paper. 
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through the adjoining shale beds. By reason of symmetry, no 
line of current flow crosses the planes. like XX’ or YY’ which 
divide any of the beds into equal parts. Nothing is changed, 
therefore, in the space between planes XX’ and YY’, from 
the point of view of the current and potential distribution, if 
all the surrounding formations are removed in order to iso- 
late the two half beds. The case of the shaly sand represented 
in Fig. 2 can, therefore, be reduced to that of two adjoining 
beds, respectively of sand and shale, and both in contact with 
the mud, as represented in Fig. 3. 


In Fig. 3-A it is assumed that an insulating plate is pre- 
venting the internal SP current from flowing. The potential 
is arbitrarily taken equal to zero at all points in the shale 
bed which are far enough from the mud column so that the 
SP current has no influence on their potential. In that case, 
the potentials in the different regions have the values indicated 
in rectangular frames in Fig. 3-A, namely: 


Zero in the shale, 

V. = +c in the mud opposite the shale, 

—h in the uncontaminated sand. 

-a —-b>=V,—(a+6+c) in the mud opposite the sand, 
and in the invaded zone. 


(This last expression has been placed in Fig. 3-A in a rec- 
tangle which covers both the mud and the invaded zone, be- 
cause the potential is the same in these two regions, it being 
assumed that there is no electromotive force across the mud 
cake.) 


In these expressions: 

a is the boundary emf between mud filtrate and connate 
water, 

b is the boundary emf between connate water and shale, 


c is the boundary emf between shale and mud or mud fil- 
trate. 


When the insulating plate is removed, the internal SP cur- 
rent flows as schematically represented in Fig. 3-B, and pro- 
duces potential drops by ohmic effect in the shale and in the 
sand. These potential drops have been designated by PD.g,, 
PD; and PD, respectively for the shale bed, the invaded zone, 
and the uncontaminated sand. The potential in the mud — 
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that is the pseudo-static SP — can be computed by considering 
the ohmic drops and the boundary emf’s encountered when 
following a path from the shale in the direction toward the 
hole, either along the shale bed or along the sand bed. 


In the first case, the value obtained is expressed by: 


—PDg, ar (6 


In the second case, the expression is: 


-b + PD.-a+ PD, 


This second expression has also been placed in Fig. 3-B in 
a rectangle which covers both the mud and the invaded zone. 


The two expressions above are identical with the assump- 
tions made, because the total drop of potential along the path 
of the internal current i must be equal to the total electro- 
motive force involved, or 


PD, + PD; + PD,.=a+b+ec 
so that: uf 
-PDy, +c=-b yf PD.-a+ PD, 


Under the hypothesis made that the potential is zero at a great 
distance inside the shale, +c represents the static SP of the 
shales, whereas (-a —b) represents the static SP of clean 
sands, having the same connate water. The pseudo-static SP 
can, therefore, be written in either of two ways: 


Pseudo-static SP = Static SP of shales — PD,, 
or 


Pseudo-static SP = Static SP of clean sands + PD, + PD, 


A shaly sand can, therefore, be considered as a shale in 
which internal currents due to sand streaks create potential 
drops that make its pseudo-static SP more negative than that 
of a pure shale. It can also be considered as a sand in which 
internal currents due to the presence of shale streaks create 
potential drops that make its pseudo-static SP more positive 
than that of a clean sand. Both definitions are equivalent, 
and this illustrates once more the symmetrical character of 
the SP log with respect to sand and shales, and more gen- 
erally, with respect to impervious and permeable beds. 

It remains to evaluate quantitatively the values of PD,,, 
or of PD; and PD,, as functions of the different resistivities 
of the three media. 


FIG. 4A — BOUNDRY EMF’s AND LINES OF 
RESULTING CURRENT FLOW. 


4B — POTENTIALS EXISTING IN THE 
SEPARATE ZONES. 
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Computation of PD,,, PD; and PD, 


When the depth of penetration of the mud filtrate in the 
sand streaks is large in comparison with their thickness, the 
internal SP current, which flows essentially in the vicinity of 
the boundary between the invaded zone and the uncontami- 
nated zone, does not reach the mud column. On the other 
hand, that boundary can be likened to a plane, even though 
it actually is a cylinder, since its radius of curvature is large 
in comparison with the thickness of the individual layers of 
sand and shale. It is therefore sufficient to study the simpli- 
fied case represented in Fig. 4-A and Fig. 4-B, where there 
are only three media separated by plane surfaces which are 
perpendicular to the plane of the figure, and to compute 


PD.,, PD; and PD, for that case. 


In Fig. 4-A, the boundaries between the different media 
have been represented by double lines to illustrate the fact 
that there is an electromotive force at each boundary and, 
therefore, a constant potential difference between the two 
sides of the same boundary. 


In Fig. 4-B, the values of the potentials prevailing in the 
shale and in the sand, at great distances from the hole, near 
to the boundary of the invaded and uncontaminated zones, and 
close to the hole, have been placed in rectangular frames. 


When the three resistivities R.,, R; and R, are equal, the 
figure has two planes of symmetry DOA and COB. This same 
symmetry, therefore, applies to the lines of current flow which 
are represented in Fig. 4-A by solid lines with arrows. These 
lines of current flow across the boundaries, and also across 
the plane DO, perpendicularly. Either side of any boundary 
is, therefore, an equipotential surface, and there is a poten- 
tial difference equal to the boundary emf between the two 
sides of that boundary. 


By reason of symmetry, the resistance between the equi- 
potential planes OB’ and OD is equal to that between OD 
and OC, and to those respectively between OC’ and OA, and 
between OA’ and OB. If r is one of these resistances, i the 
intensity of the current, g a geometrical factor which is a 
function of the thickness of the individual layers, and R the 
common resistivity of the three media, one can write: 

PD = x Wr = 1x 2eR 
PD, Xen eX Ie 
CDE = 1 kr STK eR 

If now the resistivities of the three homogeneous media are 
made different from each other, and respectively equal to 
Rs, Ri and R,, the lines of current are not changed, and the 
resistances in the different sectors respectively become gR.,. 
gR, and gR,. The intensity of the current is changed, because 
of the change in the total resistance of the circuit. The shape 
of the equipotential surfaces, whether at the boundaries or 
elsewhere, remains unchanged, but the potential of each of 
these equipotential surfaces is changed. The new values of 
the potential drops in the three media are given by: 

PDE aX 2gRa 

PD, = LX gR, 

Pere eRe 
and since the total potential drop must be equal to the total 
electromotive force along the circuit: 

PDs + PD; + PD. =a+b+c=E 


From the above relations, it is easy to deduce: 


II 


2Rsn 
Spe pe ET ge ea gi eenea tas enon Seneca) 
2Roa +R, +R, 
and 
Rit Rk: 
2Ro + Ri +R, 
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which give respectively the pseudo-static SP with respect to 
the static SP of shales (base line), and the departure of the 
pseudo-static SP with respect to the static SP of a clean sand. 


It is interesting to consider the ratio a of the pseudo-static 
SP of a shaly sand to the static SP of a clean sand with, of 
course, the same connate water. These two quantities are 
respectively equal to —-PD,, (Eq. 1) and to —E, so that their 
ratio a is given by: 


__ pseudo-static SP shaly sand _ 1 
= = 4 Rt Re 
2Ryn 


(3) 


static SP clean sand 


The coefficient a is called the “reduction factor.” 

Relation (3) applies only to the present case of a shaly 
sand with 50 per cent sand, 50 per cent shale and no diffusion 
in the invaded zone. 


The exact distribution of the potentials and of the current 
lines, established through computations, is given in Fig. 5. 
This figure demonstrates that, at reasonable distances from 
the boundary between mud filtrate and uncontaminated sand, 
the potentials in the shale are on either side respectively 
equal to zero and —PD,,. 


Shaly Sand with 50 Per Cent Shale, 50 Per Cent 
Sand and with Diffusion in the Invaded Zone 


This condition can be treated by assuming the diffusion 
occurs in steps, as represented in Fig. 6. If it is furthermore 
supposed that the diffusion takes place over a distance great 
in comparison with the individual thickness of each shale or 
sand bed, the invaded zone can be divided into a sequence of 
homogeneous sections with respective resistivities R,, R., R;. 
..., such that the length of each section, measured along 
the stratification, is much greater than its height, measured in 
the perpendicular direction. If E,,., E..;, E,,,...., are the total 
electromotive forces involved at each of the successive boun- 
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FIG. 5 — DISTRIBUTION OF EQUIPOTENTIALS AND CURRENT LINES 
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daries between these sections, the total potential drop along 
the shale is given by: 


1 
ED Bas + E,.,.——_——_ +... 
: R, +R, BOER 
if (i eee 
PARES 2Ren 
It is convenient to replace this summation with an integral: 

uf, i 

PDy, =| E (%)-————__—_dx (4) 
l ik R(x) 

Rs 
in which: 


E(x) is the electromotive force per unit length along the 
shaly sand, prevalent at the radial distance x from 
the axis of the hole. 


R(x) is the resistivity of the invaded zone at the radial 
distance x. 


l and L are the radial distances of the two limits of the 
invaded zone. 


The value of E(x) at any radial distance is proportional to 
the relative change of salinity per unit length at that radial 
distance. If R,(x) designates the resistivity of the water in 
the sand at the radial distance x, the value of E(x) is given 
by: 


RE) 8) 


Ejo tEpytEggt 7-777 FE 


FIG. 6 — ILLUSTRATION OF CONCEPT OF DIFFUSION INCREMENTS. . 
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dR,, (x) 
ax 1 
PDs = Ke Te 1x 
f Ry. (x) ee (0) 


R(x) 
tbs 


sh . 
It is interesting to consider the case where the diffusion 
follows an exponential law, as would seem natural. In that 
case, one must have: 


RS 
R(x) = RO (= 


Gl 
amet 

(7) 
where Ry and R,,; are the resistivities of the connate water 
and of the mud filtrate. 


Relations (5) and (7) give:* 


Re Rue 
L.<—— log 
E(x) = -K’ = pea 8 
2G = — - =< aera 
L-l L-l (8) 


The expression for PD,, given by equation (6) then be- 
comes: 


Runt 
Re ie dx 
R(x) 


sh 

(—PD,,) is the value of the pseudo-static SP, referred to the 
static SP of shales, and can be computed through equation (9) 
as a function of the different resistivities within the sand 
streaks. In particular, when the resistivity of the sand varies 
from a value R;, at the beginning of the zone of diffusion 
radial distance 1), to a value R, at the end of that zone (ra- 
dial distance L), and this according to an exponential law, 
R(x) is given by the expression: 


RYE 
no an(Eer 


K log 


END ee = (9) 


Eck 


(10) 
and, after reduction, the expression for PD., becomes: 
Re ae Ryn 
R Ot ER 
PDa = Kk oon 1 eae 11) 
1 g R. Re ( 
Ct) 
g R, 
so that: 
R, ai Ran 
log ———— 
__ Pseudo-static SP of shaly sand _ ; Ri + Rs (a2) 
se Static SP of clean sand Z R. 
log 


which, after transformation and with simplified notations, can 
be written: 


1 u+q 
og 
+ 
ooo (13) 
log u 
where 
‘4 R, Pay 
canes R; 2 oa Ren 


This expression applies to a shaly sand with 50 per cent sand, 
50 per cent shale, in which both the salinity and the resistiv- 
ity in the invaded zone vary exponentially with the radial dis- 
tance from the axis of the hole. 


*The present mathematical development implies that the electro-chemi- 

cal SP is related to mud resistivity and connate water resistivity by an 
Rmt 

expression such as SP = K as 2 

Ww 
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Shaly Sand in Which the Thickness of the Sand 
Beds is Not the Same as That of the Shale Beds 


The formulae established in the previous section, for shaly 
sands having 50 per cent of shale and 50 per cent of sand, can 
be extended to the case where the proportion of sand and 
shale has any given value. Without going through the demon- 
stration, and in order not to extend the discussion, it can 
simply be stated that the expressions 9, 11 and 12 above can 
be used to compute PD,, and a in the general case, provided 


Berries Be 
that Ro, Ri, Ri be respectively replaced by a — and 
p= ap 
Ri : 
om p being the proportion of shale, and, consequently, 
Fahy 


(1—p) the proportion of sand, in the shaly sand. With this 
change, expressions (9) and (13), for example, will read for 
the general case, after making obvious simplifications: 


KG 
K log : Z 
PD = / x (14) 
L-l l i+ Dae txalt0)) 
] ore 8 Ren 
and 
wag 
log 
__ Pseudo-static SP shaly sand _ ag (15) 
Bis. Static SP clean sand ~ logu 
with 
ee 
n= — 
R; 
(16) 
Bees 
Z ZS Lp Rx 


p = proportion of shale in the shaly sand. 


PRACTICAL APPLICATION — CHARTS 


Expression (15) has been used to compute the chart of 
Fig. 7. This chart gives the pseudo-static SP of a shaly sand 
as compared to that of a clean sand having the same connate 
water. To use the chart, it is necessary to determine for each 
particular case the two quantities: 


R, 
ee 
R,; 
and 
eR ah 
oe —pRa 
in which: 


pis the proportion of shale, 


R,_ is the resistivity of the sand streaks in the uncontami- 
nated zone, 


R, is the resistivity of the sand streaks in the invaded zone. 
immediately behind the mud cake, 


Ry, is the resistivity of the shale streaks, 

u __ represents the relative influence of R,, which is a direct 
function of mud resistivity, which consequently, may be 
called the “mud factor,” | | 

q represents the ratio of the respective contributions of 
the shale and sand streaks to the horizontal conductivity 
of the shaly sand in its uncontaminated zone. It may 
therefore be referred to as the “conductance ratio.” 


This chart applies to all cases where both the salinity and 
the resistivity in the sand streaks vary exponentially through 
the invaded zone. It can be demonstrated that the chart also 
applies to shaly sands that contain no oil, whatever the law 
of variation of salinity through the invaded zone, provided that 


210 


PETROLEUM TRANSACTIONS, AIME 
| 


THE SP LOG IN SHALY SANDS 


the variation of salinity be continuous, i.e., without large 
changes occurring over radial distances which are small] in 
comparison with the individual thickness of the individual . 
layers of sand and shale. 


u= us) — Mud Factor 
Rj 

q= ERs) SBSie 2 Gopduclance: Ratio 
\-p Rsh 
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In the case of an oil sand where the resistivity varies linear- 
ly instead of exponentially,* in the invaded zone, the value of 
a is smaller than that indicated on the chart. This is illus- 
trated by Fig. 8, on which a few curves computed for the 
linear law are compared to the corresponding curves for the 
exponential law extracted from chart of Fig. 7. 

Example: An oil-bearing shaly sand, with 20 per cent shale, 
is considered, where: 


Ry = 1 ohm-m — Resistivity of shale 

R, = 25 ohm-m — Resistivity of uncontaminated sand 
Ry, = .1 ohm-m — Resistivity of connate water 

R,» = 2 ohm-m — Resistivity of mud 


Formation factor = 10 


*Of course, the law of variation of resistivity in the invaded zone is not 
exactly known, and has been here taken linear chiefly as a simple example. 
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Hence: 
wu = 1.25 — mud factor 
q = 6.2 —conductance ratio 
Chart of Fig. 7 gives: 
a = .15 — Reduction factor. 


Pseudo-Static SP of Water Sands and Oil Sands 

The pseudo-static SP of a shaly sand is of smaller magni- 
tude if that sand is oil-bearing, than if it is water-bearing, 
because in the first case, R, is much larger and affects the 
conductance ratio q accordingly. This is the reason why sands, 
which are seldom quite clean, frequently show less SP deflec- 
tion opposite their oil-bearing section than opposite their 
water-bearing section. This is illustrated by Fig. 9 which 
represents a computed SP log for a thick, shaly sand, partly 
oil-bearing, partly water-bearing. It is interesting to compare 
this theoretical log with that of a clean sand, having other- 
wise exactly the same characteristics, namely the same con- 
nate water and the same saturation (Fig. 10). 


It should be pointed out that the proportion of shale in a 
shaly sand is seldom constant throughout the whole bed. In 
particular, the percentage of shale generally decreases from 
the top and bottom boundaries towards the center of the bed. 
In the case of water-bearing sands, the pseudo-static SP is little 
different from the static SP of clean sands, and therefore is 
affected little by the variation of the shale content. On the 
contrary, the pseudo-static SP of oil-bearing sands is very 
sensitive to the proportion of shale. In practice, the shape of 
the SP curve, at the level of the boundaries of an oil-bearing 
bed, is therefore smoother for a shaly sand than for a clean 
sand, all other conditions being the same. Also, the SP curve 
generally does not involve a plateau opposite thick oil-bearing 
shaly sands, but more often shows fluctuations according to 
the variations of the pseudo-static SP, i-e., of the percentage 
of shale. 


Field Examples 

Fig. 11 is a practical example of SP log opposite a sequence 
of shales and shaly sands. For the sake of completeness, the 
resistivity curves, recorded with both the short and the long 
normal devices, have been reproduced on the figure. On this 
example, all the water-bearing sands of sufficient thickness 
show the same pseudo-static SP. Bed (A), is oil-bearing at 
the top, water-bearing at the bottom. The pseudo-static SP 
opposite the oil-bearing part is strikingly less than the pseudo- 
static SP of the water-bearing sands. Moreover, the shape of 
the average contour of the peak, opposite bed (A), is quite 
similar to that of the theoretical curve, Fig. 9. 

Fig. 12 illustrates the case of a clean sand, and should be 
compared to Fig. 10. 

Fig. 13 shows the logs obtained opposite the same shaly 
sand, in two different bore holes. In one hole, the sand is oil- 
bearing, and the pseudo-static SP is equal to 20 my; in the 
other, the sand is water-bearing, and the pseudo-static SP 
is equal to 50 mv. 


Computation of the Resistivity of the 
Connate Water from the Pseudo-Static SP 
of a Shaly Sand 


It has been proposed*”* to compute the resistivity R,, — and, 
therefore, the salinity — of the connate water in a sand from 
the static SP by the formula: 


Ru 
RS 


in which £ is the absolute value of the static SP, corrected for 
the electrofiltration potential, if that quantity is not negli- 
gible, Rm: is the resistivity of the mud filtrate, and K is a 
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coefficient theoretically equal to approximately 70 when E is 
expressed in millivolts (4). This relation can also be written: 
E ; 

log Ry = log Runt - re (18) 


In the case of a thick shaly sand, the pseudo-static SP, as 
determined from the log, is equal to «£, and instead of Ry, 
the formula gives a false value Ry», such that: 


log Re — log Tes a ne (19) 
By combined relations (18) and (19), the following relation 
is obtained: 


R wa 


w 


which makes it possible to compute the relative error made 
in the computation of R, if no correction is made to the 
pseudo-static SP taken from the SP log. The value of @ in 
relation (20) can be taken from the chart of Fig. ii 

It is interesting to study how, for a given shaly sand, the 
relative error on R, is influenced by the resistivity of the mud, 
as represented by that of the mud filtrate Runs. Fig. 14 shows 
three computed curves corresponding to the same shaly sand, 
containing 5 per cent of shale. For each curve, all conditions 
are maintained constant, except the resistivity of the mud: the 
different curves correspond to different values of the oil satu- 
ration. In particular, it is assumed that for a given curve 
the distribution of the fluids in the sand beds is the same for 
all values of Rms. It is interesting to see that the error is 
small provided that the resistivity of the mud is not too differ- 
ent from that of the connate water. However, when the resis- 
tivity of the mud is substantially larger than that of the con- 
nate water, and particularly when there is a large oil satu- 
ration, the error, as computed, becomes very large. Were it 
not for the fact that a sharp SP log is necessary for the detec- 
tion of the permeable beds and for correlation purposes, there 
would be a definite advantage in using muds having a resis- 
tivity as near as possible to that of the connate water. It seems 
at least interesting to compromise by using muds that are 
resistive enough to give a decent SP log — for example, about 
five times as resistive as the average connate water — but not 
excessively resistive, lest the computation of connate water 
salinity from the SP become too erroneous. 


R mf 
Beet 4) 
; (20) 


w 


=— a-a = (l-a) log 


log 


Effect of the Use of Two Successive Muds of 
Different Salinities on the Pseudo-Static SP 
of a Shaly Sand 


In the case of a clean sand, the static SP depends almost 


entirely on the ratio between the resistivity of the last mud 
used and the resistivity of the connate water. It can be dem- 
onstrated that this is also the case for a shaly sand if it is one 
hundred per cent water-bearing, because, in that case, the 
resistivity of the sand varies proportionally with the resistivity 
of its impregnating water. 


In the case of an oil-bearing shaly sand that has been pene- 
trated successfully by two different muds, the resistivity of 
the sand streaks varies through the invaded zone, not only 
because the salinity of the water varies continuously, but also 
because the oil saturation increases progressively toward the 
uncontaminated zone. 


A computation using the relation given earlier in this paper 
shows that the pseudo-static SP in such an oil-bearing shaly 
sand depends not only on the resistivities of the last mud and 
of the connate water, but also on the resistivity of the water 
in the intermediate zone. This result is illustrated by the 
numerical application of Fig. 15, which represents the varia- 
tions of the pseudo-static SP of a shaly sand as a function of 
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the resistivity half-way between the limits of the invaded zone, 
all other conditions remaining the same. The figure shows also 
the pseudo-static SP that would have existed for that same 
shaly sand, if it had been entirely water-bearing, and if it had — 
the same salinity of connate water: in this case, the pseudo- 
static SP is independent of the variations of salinity through 
the invaded zone, provided that they are continuous. 


It is interesting to note that, according to the above theory, 
the use of a first mud, more conductive than the connate water, 
improves the pseudo-static SP of an oil-bearing shaly sand as 
finally measured with a fresh mud, and brings it nearer to 
the static SP of a clean sand. 


Shaly Sand in Which the Clay Material is 
Disseminated in the Sand 

The clay material is frequently disseminated in the sand, 
as a coating around the sand grains. In that case, the thin 
network of clay is everywhere side by side with the network 
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of capillary water. This case is equivalent to. that of alternate 
thin layers of sand and shale, except that the alternate layers 
have become of microscopic thickness. The conclusions arrived 
at for alternate thin layers remain valid, but should be con- 
sidered only in a qualitative way. 


The case where clay is present in the sand, in the form of 
clay grains isolated from each other, can also be considered. 
Such an occurrence may result from the transformation of 
feldspar grains that were originally deposited with the sand. 
In that type of shaly sand, the clay grains that are surrounded 
by a homogeneous electrolyte, as is the case in the uncon- 
taminated zone, for example, are electrically in equilibrium, 
and therefore inert. On the contrary, the clay grains which 
are in the diffusion zone, where the salinity varies continuously 
50 
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with the radial distance from the hole, form with the hetero- 
geneous electrolyte that surrounds them as many small cells, 
each of which produces only a very small amount of current. 
All these small currents flow from the clay grains into the 
electrolyte on the side where the salinity is minimum, flow 
around the clay grains, and back into them from the side 
where the salinity is maximum. Since the salinity gradient is 
always radial, with respect to the hole, and in the same direc- 
tion, all the small potential drops produced in the ground by 
the small SP currents around the clay grains add their effect 
to build up a potential difference across the invaded zone. 

If both the resistivity of the shaly sand, and that of its 
impregnating water, vary throughout the invaded zone accord- 
ing to an exponential law with respect to the radial distance, 
the SP reduction coefficient for the case of disseminated clay 
grains, can be expressed approximately by: 

DR Re 
og ———____ 

DReweicle 

R, 


log — 


i 


a= 1] = 3p 


(21) 


with as usual: 


pseudo-static SP of shaly sand 
a 


static SP of clean sand 


This expression has been established by a mathematical 
reasoning which involves a certain measure of approximation. 
It should be considered only as rough approach to the value 
of a when the percentage p of clay by volume is small (less 
than 5 per cent), and it becomes otherwise quite erroneous. 

In the general case where shales are present in the sand 
bed, both as continuous layers and as disseminated grains, 
an approximate value for « can be roughly determined from 
the charts of Fig. 7 and 8, by taking p equal to the total per- 
centage of shale, either stratified or granular. 


Effect of the Electrofiltration EMF’s 


The electrofiltration emf’s are due to the differential pres- 
sure between the mud column and the sand beds: they are 
located across the mud cake, as represented in Fig. 16. 


If the mud cake is very thin, and if the thicknesses of the 
individual beds of sand and shale are small in comparison 
with the radius of the hole, the contribution of the electro- 
filtration phenomenon to the pseudo-static SP can be estab- 
lished in a way very similar to that used for the case of the 
electrochemical emf’s. In this case, the potential drop, PD;, 
which measures the pseudo-static SP due to electrofiltration, 
occurs partly in the mud and partly in the shale beds, and it 
is given approximately by the formula: 


1] 
PD a as nee Rook (22) 
1- Dp Rm ae Rsn 
where 
E, = electrofiltration emf, 
p = proportion of interbedded shale, 
Ry» = resistivity of the mud, 
R, = resistivity of the invaded zone in the sand streaks 
immediately behind the mud cake, 

R,, = resistivity of the shale. 


The expressions (4), (9) and (14), given in the earlier part 
of this paper, are valid only when the depth of invasion of 
mud filtrate is very great, at least in comparison with the 
individual thickness of each bed. In the case of moderate 
invasion, the pseudo-static SP would have a value inter- 
mediate between those derived from these equations and 
equation 22. 
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It is interesting to notice that, in the ideal case where no 
invasion is present, the pseudo-static SP involving both electro- 
chemical and electrofiltration emf’s, would be given by the 
same expression, where EF; would be replaced by the total 
electromotive force. 


Variation of the K Coefficient of Shale 
Samples When Measured with Solutions 
of High Salinities 


The behavior of certain shales, which do not show the same 
K coefficient when placed between concentrated solutions of 
sodium chloride as when placed between dilute solutions, 
might be explained by considering these shales as being in 
fact shaly sands with a very large proportion of shale, and 
only a few very thin permeable streaks. This is illustrated 
schematically in Fig. 17 which represents such a type of shale 
placed in a sodium chloride chain. 


Using the usual notations a, b and c for the emf’s at the 
different boundaries, and designating by PD., the potential 
drop produced horizontally in the core by the internal SP 
current due to the salinity change along the thin permeable 
streaks, one obtains for the apparent total emf E, measured 
between the two extreme solutions: 

Pe Gg2— bP) ate © == (a tb tC) = PD er 
When the salinities S, and S, are low, the resistivity of the 
permeable streaks, as impregnated by either of the two solu- 
tions, or their mixture, is high. Since, in addition, the perme- 
able streaks are much thinner than the adjoining shale 
streaks, the conditions are those of a shaly sand for which the 
conductance ratio: 


p<, 


2 =o 1 —p RS 
is very high. In that case, and according to relation (15) or 
the chart of Fig. 7, PDs, is very small, and, therefore, EF, is 
equal to £ and satisfies the formula: 
Si 
E = K log — 
ES. 


When, however, the salinities S, and S, are high, the resis- 
tivity of the permeable streaks becomes low and the conduc- 
tance ratio g falls down to a level where PD. is no longer 
negligible. The apparent emf £,, as measured, should, there- 
fore, be less than that indicated by the above relation. 


There might be other reasons, for example of electro-chem- 
ical nature, for the abnormal value of the emf given by cer- 
tain shales with concentrated solutions, and the above reason- 
ing should be considered only as a suggestion toward a rea- 
sonable and simple explanation which needs to be checked by 
laboratory measurements. 


CONCLUSION 


The problem of shaly sands has been approached from a 
purely theoretical point of view in order to analyze the re- 
spective influence of the different parameters involved on the 
value of the pseudo-static SP of these shaly sands, as com- 
pared to the static SP of clean sands under similar conditions. 

The conditions asumed may well have been oversimplified, 
but the theory, as it is, seems sufficient to explain most of the 
facts that have been observed in practice. This does not mean 
that other phenomena are not involved, and a careful check 
of data from electric logs and core analyses in favorable cases 
will determine to what extent the computed formulae can be 
considered better than a qualitative approximation. Two of 
the essential conclusions should remain, at least qualitatively. 
One is that the pseudo-static SP of a shaly sand is not only 
a function of the shale content but is also influenced, to a very 
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THE SP LOG IN SHALY SANDS 
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FIG. 16 — EFFECT OF THE ELECTROFILTRATION EMF. 


FIG. 17 — SODIUM CHLORIDE CHAIN CONTAINING SHALE BRIDGE 
WITH VERY THIN LONGITUDINAL SAND STREAKS. 


large extent, by the relative resistivities of the sand and shale, 
so that the corresponding SP deflection decreases in a large 
measure when oil saturation increases. The other is that, if 
the salinity of the connate water is to be computed from the 
amplitude of the SP, it is essential not to use muds that are 
a great deal more resistive than the connate water. 


The charts and formulae established by computations, which 
are shown in this paper, obviously could be used to determine 
certain parameters involved if the other parameters are known. 
It seems reasonable, therefore, to assume that the above analy- 
sis could lend itself to quantitative approximations of certain 
characteristics of shaly sands. Such an application seems, 
however, premature, at least until field experiments have deter- 
mined the practical value of the theoretical deductions. 


In any case, it is hoped that the discussion will prove useful 
as a help toward a better understanding of the SP phenomena 
in the case of shaly sand, and that it will encourage further 
studies of the problem. 
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SUMMARY 


The results of two sets of displacement experiments are 
reported. In the first set of experiments various solutions of 
sugar in water were displaced by other solutions of sugar in 
water. In the second set oils were displaced by water. Each 
set of experiments was performed on a linear system made of 
cemented silica sand grains. 

These displacement tests were made to evaluate the behavior 
when the ratio of fluid viscosities between the displacing and 
displaced phases was varied. A further consequence of the test 
results is a comparison between displacement behavior when 
the displaced and displacing phases are miscible as with 
sugar solutions and when they are immiscible as with oil and 
water. 


INTRODUCTION 


Buckley and Leverett’ have presented a theory for the dis- 
placement of oil by gas or water based upon the relative 
permeability concept. This theory presents the displacement 
of oil as occurring in two phases, an initial or primary phase 
preceding the breakthrough of the displacing phase and a sub- 
ordinate or secondary phase during which both oil and the dis- 
placing phase flow simultaneously through the same porous 
section. These authors gave the results of calculations to show 
that the percentage of oil displaced during the primary phase 
by water drive would be dependent upon the ratio of the 

1References are given at the end of the paper. 

Manuscript received at the office of the Petroleum Branch October 1, 


1949. Paper presented at the Petroleum Branch meeting in San Antonio, 
October 5-7, 1949. 
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viscosity of the oil to that of the water. No experimental evi- 
dence was reported by these authors to substantiate their 
theory. Qualitatively, however, it has been found to be in 
agreement with many observed field results. 

Laboratory investigators have been in general agreement in 
reporting for air or gas drive’’ a small primary phase of pro- 
duction and a large secondary phase. Reported investigations 
on water drive’”’ have shown instances where both primary 
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FIG. 
SUGAR SOLUTIONS BY WATER. A, B — PRESSURE REGULATOR; C — MER- 
CURY MANOMETERS; D— GLASS FLUID RESERVOIR; E— VALVE FOR 
CLEANING FLUID SYSTEM; F — POROUS SECTION OF SAND; G — OUT- 
LET CONTROL VALVE; H — PRESSURE CONNECTIONS; | — GRADUATED | 


CYLINDER; J — FILTER. 
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FIG. 3 — DECREASE OF PRODUCTION RATES DURING DISPLACEMENT. 


A — VISCOSITY RATIO (DISPLACED OVER DISPLACING FLUID) IS 0.235; 
PRESSURE IMPOSED IS 220 mmHg. VERTICAL RUN UPWARD. O — VIS- 
COSITY RATIO (DISPLACED OVER DISPLACING FLUID) IS 0.874; PRES- 
SURE IMPOSED IS 220 mmHg. HORIZONTAL RUN. 


100 


@ 
(e) 


oO) 
oO 


as 
(2) 


PERCENT ORIGINAL FLUID IN EFFLUX 
PERCENT ORIG. FLUIDIN EFFLUX 


04 We) 2.0 3.0 40 03 O05 1.0 1.5 2.0 
FRACTION OF PORE VOLUME PRODUCED FRAC. OF PORE VOL..PRODUCED 


FIG. 4 — EFFLUX COMPOSITIONS VERSUS CUMULATIVE IN PORE VOL- FIG 5 — EFFLUX COMPOSITION VERSUS 

: CUMULATIVE IN PORE VOL- 
UMES (HORIZONTAL RUNS). VISCOSITY RATIO (DISPLACED OVER DIS- UMES (VERTICAL RUNS). VISCOSITY RATIO (DISPLACED OVER a 
PLACING FLUID) X = 9.1; O = 4.25; V = 2.34; A = 1.14; © = 0.437. PLACING FLUID) A = 4.25; 0 = 2.29; X = 0.235. 
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FIG. 6 — DISPLACEMENT AT TWO PRESSURE GRADIENTS (HORIZONTAL 
RUNS) VISCOSITY RATIO (DISPLACED OVER DISPLACING FLUID) IS 2.35. 
O = IMPOSED PRESSURE IS 220 mmHg. A = IMPOSED PRESSURE IS 
760 mmHg. 


5 10 1.5 
FRACTION’ OF PORE VOLUME PRODUCED. 


PERCET ORIG, FLUID IN EFFLUX 
oO 


Vol. 189, 1950 


ate 


PETROLEUM TRANSACTIONS, AIME 


T.P. 2787 


and subordinate phases were important, with the former in 
general being more significant. 


Other investigators have presented data on other types of 
displacement. Data on the mobility of connate water was pre-_ 
sented’ with the conclusion that displacement efficiency would 
be high. One of the present authors in a former work‘ noted 
but did not report comprehensive data on the removal of con- 
nate water by a fresh water drive. These data also supported 
the belief that connate water would be displaced effectively 
from a porous material by invading water. 


Huntington and others’* have given data on the displace- 
ment of one gas by another and on the displacement of carbon 
tetrachloride by hexane from a column of unconsolidated 
sand. These experiments indicated the occurrence of displace- 
ment in primary and secondary phases, even for the displace- 
ment of one gas by another. Their data is presented in terms 
of mixing rather than in terms of displacement efficiency. The 
data reported for hexane-carbon tetrachloride displacement 
indicated a variation in displacement efficiency during the 
primary phase as the speed of displacement varied. For gas- 
gas displacement these investigators found a variation in eff- 
ciency with the pressure of the gas system. 


The literature also contains reference to displacement, in 
ideal capillary systems and in pipe lines,’ which situations 
may not be directly applicable to petroleum production but 
they nevertheless provide a basis for analyzing results of dis- 
placement from porous media. 


The present work was undertaken in an effort to supply 
data which it was hoped might be added to that cited to form 
support for a comprehensive displacement theory. In particu- 
lar, it was felt that Buckley and Leverett’s' analysis pointed to 
the, viscosity ratio between displaced and displacing fluids as 
an important variable. A perusal of other cited references led 
to the thought that the displacement from a porous medium 
of one fluid by another miscible with it would be in many 
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FIG. 7 COMPARISON OF VERTICAL AND HORIZONTAL RUNS. VISCOSITY RATIO (DISPLACED OVER DISPLACING FLUID) IS 4,25; PRESSURE 
IMPOSED IS 220 mmHg. O = VERTICAL RUN. A = HORIZONTAL RUN. 
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respects similar to the displacement of a fluid by one immis- 
cible with it. It was anticipated that observation of such com- 
parison might lead to a simpler basis for a theoretical ap- 
proach to displacement calculations. 

The experimental work reported in the following sections 
was carried out as two different problems on similar sand 
systems. Some of the details of experimental technique differ 
therefore. The problems were approached in similar fashions 
and are hence reported here together. 


DISPLACEMENT OF A LIQUID BY ANOTHER 
WITH WHICH IT IS MISCIBLE 


This portion of the work was performed on a sand column, 
93.7 cm in length and 6.35 cm inside diameter. An unconsoli- 
dated sand, cleaned and fired, of 80-140 mesh was packed by 
vibration into a lucite tube filled with a colloidal suspension 
of silica. After the tube was filled with sand and liquid, the 
excess silica suspension was displaced by air. The sand filled 
tube was then dried by passage of hot air and evacuation. 
The resulting sand system was, therefore, lightly consolidated. 
The resulting system had a pore volume of 907 ccs and an 
average porosity of 30.7 per cent as found by water saturation. 
The permeabilities to air of the three sections shown in Fig. 1 
were 3.81, 4.01, and 3.82 darcies. 

Fig. 1 is a schematic drawing of the manner in which this 
porous sand section was set up for displacement tests. The 
liquids used were water and solutions of sucrose in water. 
By varying the amounts of sucrose in solution the viscosities 
were varied. 


Displacement was measured in terms of the concentration of 
sucrose in the effluent. This was determined by measurement 
of refractive index. The effluent was collected in increments 
which varied from 50 to several hundred ccs. The porous sys- 
tem was cleared of its liquid after a given run and prepared 
for a new run by the continued flowing of the liquid which 
was to be the new saturant. 


Runs were made with the sand system in both the vertical 
and horizontal positions. Vertical runs were made because it 
was noted that a slight gravitational settling was occurring 
on the horizontal runs. During vertical runs the displacing 
liquid was injected at the bottom when it was heavier than the 
displaced liquid and from the top when it was the lighter of 
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FIG. 8 — PER CENT OF ORIGINAL FLUID RECOVERED AS A FUNCTION 
OF VISCOSITY RATIO. A — AT BREAKTHROUGH (HORIZONTAL RUNS). 
X — AT BREAKTHROUGH (VERTICAL RUNS). ©O— AT ONE PORE VOLUME 
CUMULATIVE. 
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the two. All runs were made with a constant pressure differ- 
ential imposed across the two ends of the system. This resulted 
in a variation of displacement velocity during the course of a 
given displacement test. 

The results of these displacement tests are shown in 
graphical form in Figs. 2 to 10. Table I gives a summary of 
information on these runs. In this table «, denotes the viscosity 
of the displaced phase and u, the viscosity of the displacing 
phase. On all runs except 1 and 6 sugar solutions were dis- 
placed by water. On runs 1 and. 6 water was displaced by 
sugar solution. 


DISPLACEMENT OF OILS BY WATER 


The second group of experiments were performed on a col- 
umn of sand similar to that described ‘in the previous section. 
Unconsolidated sand between 65 and 270 mesh was the start- 
ing material. This was partially consolidated by packing it in 
a suspension of colloidal silica. Further consolidation was per- 
formed by saturating the column with an alcoholic solution 
of tetraethyl orthosilicate, displacing as much of this liquid as 
was possible by air and hydrolizing the remainder. Several 
repetitions of this cementing procedure were used. Finally, 
one end of the core system was cut off and discarded because 
the cementing material had built up excessively due to con- 
centration of the cementing liquid by capillary forces. 

Pressure taps were placed along the sand column and the 
air permeabilities of the various linear portions were measured 
as 2.77, 2.44, 2.54, and 2.99 darcies. The average porosity of 
the system was found to be 27.2 per cent with a total pore 
volume of 980 ccs. The overall column was 115.8 cm long 
and 6.35 cm inside diameter. 
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FIG. 10—PORE VOLUMES PRODUCED AT BREAKTHROUGH OF DIS- 
PLACING LIQUID AS A FUNCTION OF VISCOSITY RATIO. 0 — WATER- 
SUGAR SOLUTION DISPLACEMENT (HORIZONTAL RUNS). A — WATER 
SUGAR SOLUTION DISPLACEMENT (VERTICAL RUNS). X — WATER-OIL 
DISPLACEMENT. 
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FIG. 11 —SCHEMATIC FLOW ARRANGEMENT FOR DISPLACEMENT OF 
OIL BY WATER. A, B — PRESSURE REGULATORS, C — METAL FLUID RES- 
ERVOIR, D— PRESSURE CONNECTIONS, E— POROUS SAND SECTION, 
F —GRADUATED CYLINDER, G— WATER BATH, J — WATER LEVEL IN 
BATH. 
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Fig. 11 gives a diagrammatic sketch of the flow set up. 
Runs were made with the core always in a horizontal position 
and with the assembly placed in a water bath so that the vis- 
cosities of the liquids could be controlled to desired values. 
A constant pressure differential was imposed for the duration 
of each run and rates were permitted to vary. Pressure was 
imposed by applying nitrogen to a reservoir chamber con- 
taining the displacing liquid as shown in Fig. 11. 

The oils were standard grade lubricating oils, kerosene, deo- 
dorized naphthas, and blends of lubricating oils with naphthas. 
By varying the type oil and the temperature during displace- 
ment the desired ratios of oil viscosity to water viscosity were 
obtained. The displacing liquid was always water. 

The results of the water-oil displacement experiments are 
shown in Figs. 12 to 20 and in Fig. 10. Table II gives a sum- 
mary of conditions and numerical results on these dis- 
placements. 


DISCUSSION OF EXPERIMENTAL RESULTS 


An examination of the results of both sets of experiments 
will show that displacement always occurred in two phases — 
the primary phase prior to breakthrough of the displacing 
liquid and the secondary phase from breakthrough until ces- 
sation of production. Figs. 4, 5, 15, 16 and 17 show point of 
breakthrough and per cent of original fluid in the efflux as a 
function of the total pore volumes of fluid produced. The 
point of breakthrough always was followed by a sharp drop 
in the amount of displaced fluid in the efflux. 


In both sets of experiments the relative importance of the 
primary and secondary phases varied with the fluid viscosities. 
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FIG. 13 — OIL AND WATER PRODUCTION AS A FUNCTION OF TIME. 
O — OIL-WATER VISCOSITY RATIO IS 1.04. @ — OIL WATER VISCOSITY, 
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FIG. 14— OIL AND WATER PRODUCTION AS A FUNCTION OF TIME. 


O — OIL-WATER VISCOSITY RATIO IS 15.49. @ — OIL-WATER VISCOSITY 
RATIO IS 2.41. PRESSURE IMPOSED IS 20 PSIG. 
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FIG. 16 — PER CENT OIL IN EFFLUX VERSUS TOTAL CUMULATIVE PRO- 
DUCTION. O — OIL-WATER VISCOSITY RATIO IS 1.04. @ — OIL-WATER 
VISCOSITY RATIO IS 3.51. PRESSURE IMPOSED 1S 20 PSIG. 
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FIG. 15 -- PER CENT OIL IN EFFLUX VERSUS TOTAL CUMULATIVE PRO- 
DUCTION. O — OIL-WATER VISCOSITY RATIO IS 98.6. @ — OIL-WATER 
VISCOSITY RATIO IS 48.53. PRESSURE IMPOSED IS 20 PSIG. 
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FIG. 17 — PER CENT OIL IN EFFLUX VERSUS TOTAL CUMULATIVE PRO- 


DUCTION. O — OIL-WATER VISCOSITY RATIO IS 15.49. @ — OIL-WATER 
VISCOSITY RATIO IS 2.41. PRESSURE IMPOSED IS 20 PSIG. 
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Following the lead of Buckley and Leverett! this variable 
has been expressed ‘as the viscosity of the displaced liquid 
divided by the viscosity of the displacing liquid. 

Fig. 8 indicates the effect of the viscosity ratio upon the 
recovery at breakthrough and at one pore volume cumulative 
for the water-sugar solution displacements. Fig. 9 is a plot 
of the cumulative throughput necessary to effect complete 
recovery on these same displacements. 


The primary phase displacement was very close to 100 
per cent for low viscosity ratios. The theoretical limit for this 
type displacement would be 100 per cent recovery in the pri- 
mary phase at a viscosity ratio of zero. This is shown on both 


Figs. 8 and 9. 


Fig. 18 gives the effect of viscosity ratio for the water-oil 
displacements. Here also the primary phase yields higher 
recoveries for lower viscosity ratios. The apparent upper limit 
for displacement during the primary phase is 91 per cent at 
a viscosity ratio of zero. Fig. 18 indicates that all water-oil 
displacements might ultimately have reached this recovery 
had they been carried to a sufficiently high water-oil ratio. All 
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these runs were terminated before an ultimate point was 
reached. Table II gives total recovery at cessation of dis- 
placement. 


In these experiments a pressure differential for carrying on 
the displacement was arbitrarily assigned. No particular atten- 
tion was paid to rates of displacement except to note that the 
displacement speeded up or slowed down depending on 
whether the displacing liquid had the lower or higher vis- 
cosity. Figs. 2 and 3 show typical rate data recorded for the 
water-sugar solution displacements. It is to be noted in these 
figures that the rates for the horizontal and vertical runs differ 
because the imposed pressure differential on the vertical runs 
was not corrected for the gravitational head. 


Fig. 6 gives the results on a pair of runs made at two pres- 
sure differentials. At the higher differential, which would also 
mean the higher rate of displacement, the percentage recovery 
during the primary phase was noted to be slightly less than 
at the lower pressure differential. Also at the higher pressure 
gradient a slightly higher cumulative recovery was found to 
be necessary to effect complete removal of the displaced liquid. 
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PERCENT ORIGINAL OIL RECOVERED 
FIG. 18 —PER CENT ORIGINAL OIL PRODUCED AT VARIOUS STAGES. A — PER RENEE RO. 
DUCED AT BREAKTHROUGH. 0 — PER CENT PRODUCED AT ONE PORE VOLUME TOTAL CUMULA- 
TIVE. X—PER CENT PRODUCED AT 1.95 PORE VOLUMES TOTAL CUMULATIVE. 
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These results are in agreement with those shown by Hendrix 
and Huntington® in their Fig. 3. 

During the horizontal displacement test there was some 
visual evidence of a separation of displaced and displacing 
liquids due to difference in their densities. Therefore, vertical 
runs were made for comparison but only on the water-sugar 
solution displacements. The displacement histories on hori- 
zontal runs are shown in Fig. 4 and on vertical runs in Fig. 5. 
Fig. 7 compares one particular set of such runs for the same 
viscosity ratio. It was noted that the curves for horizontal runs 
show a hump after breakthrough but that the curves for verti- 
cal runs do not. Data from both horizontal and vertical runs 
are plotted in the correlations of Fig. 8, 9, and 10. From 
these plots it can be noted that the effects of gravity were 
probably not very important. 

To further compare the results of the two types of displace- 
ment, the percentage recoveries at breakthrough for all runs 
were plotted in Fig. 10. All data can be represented by a 
single function from which individual observations do not 
deviate markedly. As pointed out previously, however, the 
water-sugar solution displacement can approach 100 per cent 
efficiency at zero viscosity ratio whereas the water-oil must 
approach a value of 91 per cent. 

Further correlation was attempted between the observed 
data on water-oil displacement and calculated histories by 
the method of Buckley and Leverett.” The method will not be 
described here. Basic to the calculation are relative perme- 
ability curves. Such curves were not procured for the systems 
studied but inasmuch as they were very close to unconsolidated 
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sands it was assumed that the relative permeability curves of 
Buckley and Leverett would apply. Fig. 19 shows the curves _ 
used for the calculations. 


After several intermediate calculations the method gives a 
distribution of water saturation as a function of distance, U, 
along the linear system being flooded. Different distributions 
are calculated for different values of total cumulative liquid 
injected. Fig. 20 gives the results of such saturation distribu- 
tion calculations for the case where the viscosity ratio was 
1.04. From this figure and from the data necessary to calculate 
it, there was also obtained a calculation of per cent oil in the 
efflux as a function of cumulative throughput. These results 
are given in Fig. 21 along with experimental observations for 
the same viscosity ratio. The agreement in this case is quite 
good. 


Fig. 22 gives an overall comparison between the calcu- 
lated results for recovery during the primary phase as given 
by Buckley and Leverett and experimental results for the same 
quantity in the present work. The curves for the two sets of 
experimental data shown here are as taken from Figs. 8 and 
18. Buckley and Leverett’s calculations were not carried on 
for a system strictly analogous to the experimental ones de- 
scribed. They assumed a system containing connate water 
originally, a condition not used in the experiments being 
reported. However, their calculation of per cent water satura- 
tion at breakthrough should be comparable to per cent recov- 
ery at breakthrough from a system containing no connate 
water. 
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It is significant to note that a water flood at the highest 
viscosity ratio of 98.6 produced only 29 per cent oil at break- 
through. This approaches the values ordinarily expected for 
gas displacement. It is suggested that the difference in 
mechanism between a water-drive and a gas-drive may be 
very slight if viscosity ratios are identical. 


The comparison of the water-oil displacement results to a 
gas-oil displacement is further shown in Fig. 23, where water- 
oil ratios are plotted versus cumulative oil produced. For con- 
stant viscosity and pressure gradient conditions the water-oil 
ratio should be proportional to K,,/K,. The cumulative oil 
produced can be plotted negatively as residual oil which would 
be proportional to an average oil saturation. Fig. 23 is 
comparable, therefore, to the familiar K,/K, versus oil satu- 
ration curve. 


CONCLUSIONS 


The general agreement between the behaviors of the two 
types of displacements observed in these experiments would 
lead to the thought that the main forces to be considered are 
viscous rather than interfacial. The interfacial forces undoubt- 
edly control to a large degree the maximum possible displace- 
ment, i.e., the difference between 91 per cent and 100 per cent 
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in the two instances reported. However, the manner of dis- 
placement where the interfacial forces were non-existent is 
comparable in a large degree to that where interfaces were 
present, which indicates that up to the final stages of displace- 
ment viscous forces were most important. 


It is further suggested, therefore, that a theory of displace- 
ment of oil from porous media might be approached by a 
consideration of the displacement behavior between fluids 
which are mutually miscible. No complete analytical approach 
for this situation was found in the literature, even for simpli- 
fied systems. The application of such data, aside from a con- 
tribution to a general theory of displacement, would be to the 
displacement of very mobile reservoir fluids by injected gases 
or to the recovery of oil by injected hydrocarbons. 


These experiments point out the desirability of carrying on 
a water flood under conditions of as low a viscosity ratio as 
possible. Flooding at high pressures before solution gas is 
liberated, or flooding with waters containing high amounts of 
salts would both be advantageous from this standpoint. A fur- 
ther suggestion from these experiments would be that a high 
efficiency of displacement could be obtained by displacing res- 
ervoir liquids with other hydrocarbon liquids. Practically, 
however, this would not be feasible unless the displacing 
hydrocarbon could be readily recovered, a situation which 
could possibly be met by the use of a close cut, high vapor 
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T.P. 2787 LIQUID-LIQUID DISPLACEMENT IN POROUS MEDIA AS AFFECTED BY THE 
LIQUID-LIQUID VISCOSITY RATIO AND LIQUID-LIQUID MISCIBILITY 
Table I 
Summary of Results on Water-Water Solution Displacements 
3 : ‘ | | | % of Cumulative 
| | | Original Eee Volumes 
a { { Pressure Pore Volumes Fluid ecessary 
Ne | Paecn 4 aoe | a | Gradient Recovered at Recovered at fOr 
eam ae | WAY | | Breakthrough One Pore Volume Complete 
| | | ; Cumulative Recovery 
| | | = : Hina packs me aes Be 3 le “a = s 
pant | a, Dray So heka =) Fee es Lk | A ee eee ‘ 2-7 | 4.0 
3. | Horizontal 8.1 0.894 9.1 | 220 mm Hg | 38 72. . 
4 | Horizontal 3.8 0.894 4,25 | 220 mm Hg 255 BBS res 
2 | Horizontal 2.08 0.894 2.30 | 220 mm Hg 66 _ 9.7 : 
5 | Horizontal | Pel 0}s) | 0.874 2.35 760 mm Hg | 585 ons 1.30 
11 | Horizontal | 1.0 | 0.876 | 1.14 | 220 mm Hg .94 | OF me 
1 Horizontal 0.855 1.95 0.44 220 mm Hg .96 ace 
7 | Vertical ou 0.874 4.25 | 220mm He | 55 | 2.1 
9 Vertical 1.95 0.854 2.29 220 mm Hg | . 67 | : Hee 
6 Vertical 0.874 aot | 0.24 220 mm Hg / .97 98.0 : 
4 ; 
Table II 
Summary of Results on Water-Oil Displacements 
% of Original : 
Run | “0 Pore Volumes Fluid Recovered Total Cumulative 
No. w ue eee Pressure Recovered at at One Pore Pore Volumes Recovered at 
) w ew Gradient Breakthrough Volume Througth at Termination 
Cumulative Termination 
Se Sea hea 0.644 ~ 98.6 20 psig 29.0 45.5 | 2.70 62.0 
3 | 33.0 0.68 48.53 20 psig 34.5 53.0 4.39 68.4 
4 10.3 0.665 15.49 20 psig 41.8 63.3 | 6.09 | 89.0 
5 dee A | 0.63 3.51 20 psig 41.8 75.0 | 6.13 88.4 
6 1.52 0.63 2.41 20 psig 56.1 79.6 4.72 89.7 
2 0.835 0.80 | 1.04 20 psig 81.6 | 84.7 1.95 | 87.8 
| | | | 


pressure fraction, which could be vaporized from the reservoir 
after displacement was complete. 


It is apparent that the ratio of viscosities between displaced 
and displacing fluids is an important consideration in attempt- 
ing to evaluate the success of displacement. Further examina- 
tion of this concept might lead to control of maximum dis- 
placement efficiency by control of the viscosity of the displac- 
ing medium. The consideration of this concept might suffice 
also to compare gas and water displacements more fruitfully. 

The experiments described here have been necessarily sim- 
plified. Experimentation on the displacement of oils by hydro- 
carbon liquids in the presence of connate water would be 
among desirable future experiments. Further simplification 
would also be desired in order to better understand the water- 
sugar solution displacement as a basis for theoretical calcula- 
tions on water-oil or gas-oil displacements. 
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ANALYSIS OF FRACTURED LIMESTONE CORES 


FRANK C. KELTON, MEMBER AIME, CORE LABORATORIES, INC., DALLAS, TEXAS 


ABSTRACT 


A method is outlined for the analysis 
of large cores, developed primarily for 
the purpose of obtaining reliable data 
on fractured or vugular limestones. 


Porosity and fluid saturations are de- 
termined by a modified Dean-Stark ex- 
traction, after initially bringing the 
samples to 100 per cent liquid satura- 
tion by a vacuum-pressure method. Hor- 
izontal permeabilities on the whole sam- 
ples are determined in two directions, 
parallel and perpendicular to the di- 
rection of principal fracturing. 

Results are presented for various 
types of formations. A comparison is 
made between data obtained by this 
special method and the method of con- 
ventional analysis, and discussion is 
given of the relative advantages and 
limitations of each. In view of this com- 
parison a modified method for the anal- 
ysis of fractured and vugular forma- 
tions is proposed, which method retains 
the advantages of the previously out- 
lined techniques but gives promise of 
speeding up the analysis. 


INTRODUCTION 


For many years the greater part of 
the production in the Permian Basin 
was from formations of Permian and 
Pennsylvanian age. While production 
from these formations is still the pre- 
dominant production, deeper prospect- 
ing has brought to light older forma- 
tions with oil productive characteristics. 


IReferences at end of the paper. 
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Attempts to core these deeper horizons 
were at first usually characterized by 
poor recovery. The old rule of thumb, 
“sood core recovery — poor well” was 
originated and remained in effect until 
recently. With the advent of diamond 
coring and the increased efficiency in 
drilling and coring operations, the old 
adage has lost its significance. Forma- 
tions of Devonian, Silurian and Ordo- 
vician ages were successfully cored 
with varying degrees of recovery. 
The cores thus obtained were surpris- 
ing and in some cases disappointing. 
Good recovery from these formations 
led to speculation as to the feasibility 
of analysis and the meaning of data ob- 
tained from conventional analysis. Com- 
mercial laboratories were engaged to 
analyze these cores, and their results 
indicated that data obtained by con- 
ventional methods would be of little 
value. From visual inspection it was 
apparent that in many cases the effec- 
tive porosity for storage of hydrocar- 
bons, and permeability, were contained 
largely in fractures and solution cavi- 
ties rather than in the primary crystal- 
line structure of the formation. In other 
cases the solution cavities augmented 
the effective porosity of the primary 
crystalline structure, or fractures en- 
hanced the permeabiilty of the latter so 
that the formation might respond fa- 
vorably to acidization and become com- 
mercially productive. Since the spacing 
of the cavities and fractures was often 
comparable to the core diameter, it 
was evident that the entire core should 
be analyzed instead of small fragments. 

On the basis of these observations, 
commercial laboratories were requested 
to devise a system of analysis which 
would yield data of practical value. Pro- 
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cedures have accordingly been devel- 
oped which seem to meet this require- 
ment, and to date nearly 12,000 large 
core samples have been analyzed. It is 
the purpose of this paper to describe 
the methods used, to present typical 
results for several fractured formations 
and to compare the data obtained by 
this special analysis with that obtained 
by conventional analysis. Certain modi- 
fications and alternative procedures are 
finally suggested to speed up the anal- 
ysis. 


CORE ANALYSIS 
PROCEDURE 


Fluid Saturations and Porosity | 


The core sample, in segments up to 
15 in. in length, is marked, weighed and 
examined under ultra-violet light to de- 
termine the presence of oil saturation. 
lf present, the approximate quantity of 
oil and its location on intercrystalline, 
fracture or vugular surfaces is noted. 
This information is carefully recorded. 
The degree of fracturing and/or vugu- 
lar development is also noted. The 
sample is then placed in a pressure cell 
and the air evacuated with a high speed 
vacuum pump. ‘his evacuation is con- 
tinued only long enough to reduce the 
pressure to approximately the vapor 
pressure of water in order not to re- 
move excessive amounts of water. Wa- 
ter is admitted to the cell and allowed 
to penetrate the sample under atmos- 
pheric pressure, filling the pore space 
initially occupied by air and replacing 
the small amount of water removed by 
evacuation. Pressure up to 200 psi is 
applied to force water into the smaller 
capillaries, and the sample is left sub- 
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merged under presure for an hour or 
longer. It is then removed from the 
cell, surface water wiped off, and re- 
weighed. The gain in weight is a meas- 
ure of the residual gas content of the 
original sample. If large surface vugs 
are present an alternative procedure is 
used to prevent them from draining 
fluid, as will be discussed later. 


The sample, now fully saturated with 
oil and water, is placed in an extraction 
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FIG. 1 — EXTRACTION APPARATUS 
SCHEMATIC. 


pot, Fig. 1, and covered with toluene. 
The pot is placed in an insulated oil 


“bath, Fig. 2, connected to a jacketed 


condenser tube, and allowed to heat 
up until the water of the sample and 
the toluene are vaporized. This process 
is similar to the familiar Dean-Stark 
extraction; as the water is condensed it 
drops into the receiving tube and col- 
lects at the bottom while the condensed 
toluene runs back into the pot. The 
water is drained from the receiving tube 
at intervals and measured. 


The largest part of the water in the 
sample is removed after one day’s ex- 
traction, but the remainder comes over 
very slowly. Typical rates of water re- 
moval are shown for various formations 
in Fig. 3. Since it is necessary to deter- 
mine the water content to within a frac- 
tion of a cubic centimeter in order to 
be able to determine the oil content 
acurately, the process is continued un- 
til the amount of water removed daily 
has dropped to 0.1 to 0.3 cc. This may 
require from three days to three weeks 
or even longer; the average time is 
about one week. During this time the 
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oil content of the core sample is being 
replaced by toluene. If the visual exam- 
ination showed oil saturation only on 
fracture planes and/or vugular  sur- 
faces, the extraction is asumed to be 
complete when there is no sensible gain 
in water in the receiving tube. If, on 
the other hand, the examination indi- 
cated oil in intercrystalline pore spaces, 
the extraction of oil may not be com- 
plete, and in this case the sample is 
removed from the pot and placed in an 
oversize soxhlet extractor where extrac- 
tion with toluene is continued. 


After extraction is complete the sam- 
ple is placed in a constant temperature 
oven and dried for a period of one to 
two days. After cooling to room temper- 
ature it is re-weighed. The loss of 
weight, less the amount of water meas- 
ured during the extraction, is the weight 
of the oil contained in the sample. This 
weight is corrected for an assumed den- 
sity of oil to give the volume of oil in 
the sample. The summation of oil and 
total water gives the pore space of the 
sample, since the original gas content 
has previously been replaced by water. 


A representative number of samples 
are immersed in water until capillary 
penetration of water has for practical 
purposes ceased, and-their bulk volumes 
determined by the bouyancy or appar- 
ent decrease in weight when re-im- 
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mersed in water. For the purpose of 
this measurement of bulk volume it is 

necessary only that no appreciable fur- 
ther penetration of water occurs during 
the second immersion; this is easily 
realized even though the samples are 
far from being 100 per cent saturated. 
These bulk volumes together with the 
dry weights give apparent densities, 
and these divided by one minus the 
respective fractional porosity give true 
grain density. An average true grain 
density figure is thus obtained, which 
is used together with the extracted 
weights of the other samples to deter- 
mine their grain volume, and pore vol- 
ume is added to give bulk volume. Pore 
volume divided by this bulk volume 
gives the porosity. 


Permeability 


The extracted sample, or the largest 
segment if the sample consists of more 
than one piece, is placed in the cylin- 
drical holder shown in Figs. 4 and 5. 
The sides of the core are covered with 
two rectangular rubber gaskets, with 
openings whose length extends to with- 
in 1 to 1% in. of the shortest length 
of the core and whose width extends 
over about one fourth the circumfer- 
ence. Two sections of split pipe of 
suitable diameter and with hinged 
pieces along their sides to provide a 
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good fit, are placed around the gaskets, 
and a number of stranded wire cables 
are wrapped around the pipe. By 
means of a crank and worm gear these 
cables are tightened simultaneously so 
that considerable pressure is applied to 
all sides of the gaskets. This seals the 
core except for the two rectangular 
openings in the gaskets, a thin line 
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along the sides of the core between 
the gaskets, and the ends of the core. 

Aix pressure is applied to the open- 
ing on one side of the core, and the 
rate of air flow out of the other side is 
measured directly by means of a burette 
and soap film so that no back pressure 
is exerted on the downstream side. Per- 
meability is calculated as though the 
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flow were uniformly distributed across 
the rectangular cross section between 
ihe gasket openings and through the 
length between the straight edges of the 
gasket openings. Corrections are then 
applied to take into acocunt the non- 
linearity of flow and the Joss through 
the ends of the core and through the 
slits between gaskets. 


The orientation of the core in the 
holder is such that the flow is across 
the direction of principal fracturing. 
The permeability so obtained is de- 
signated as Kymax. The core is then 
turned 90° in the holder and perme- 
ability again measured. This is called 
Kw. 


The correction applied to take care 
of the loss of air through the ends of 
the core is called the shape factor. 
Typical values of this factor, for a 3 in. 
core, are shown in Fig. 8. This shape 
factor is proportional to the fraction of 
entering air that gets to the gasket 
opening on the opposite side of the core. 
It may be noted that for the length of 
core usually available and the length of 
the seal between the gasket opesng 
and the ends of the sample, the shape 
factor generally lies between 85 per 
cent and 95 per cent, i.e., a relatively 
small loss to the ends of the core. In 
addition to the above shape factor, a 
constant factor is applied to take care 
of the widening of the flow lines and 
loss of air at the sides between the gas- 
kets, as may be visualized by reference 
to Fig. 4. 


DAYS FROM START OF EXTRACTION 
FIG.3-—RATE OF WATER EXTRACTION 


eo FIG. 3— RATE OF WATER EXTRACTION. 


The above correction factors were de- 
rived by extensive experiments on a 
synthetic core of nearly uniform perme- 
ability. The flow through a series of 
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gasket openings was measured using a 
long core, and the series of measure- 
ments repeated after cutting off 2 cm at 
a time from each end of the core. A 
direct measurement of the permeability 
of each such section of the core was 
then made. A subsequent check was 
obtained from electrolytic model experi- 
ments simulating the non-linear flow 
through the core. 


DISCUSSION AND ALTERNA- 
TIVE PROCEDURES 


Fluid Saturations and Porosity 


It may be noted that two checks are 
available on the porosity as determined 
by the above outlined procedure. If the 
sample, after extraction, is allowed to 
cool under toluene and then weighed 
prior to drying, the weight of toluene 
divided by its specific gravity furnishes 
a check on the porosity. The agreement 
is generally found to be good. Another 
check is furnished, after extraction and 
drying, by resaturating the sample with 
water and determining the weight in- 
crease. The agreement here is also 
good. For example, a series of such 
measurements on seven samples of po- 
rous limestone gave a porosity value of 
10.06 per cent by toluene and 10.13 per 
cent by resaturation. On eight low po- 
rosity samples of the same formation, 
the corresponding averages were 1.30 
and 1.27 per cent respectively. On an- 
other formation, the corresponding 
values were 10.01 and 9.40 per cent; 
on still another, 4.94 and 5.16 per cent. 
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If there is a question as to whether 
the volatility of a particular oil might 
give rise to incorrect saturations if vac- 
uum is applied, the above technique of 
resaturation after extraction may be 
used. It is also used where there are a 
large number of surface vugs. In this 
case the extraction is carried out di- 
rectly on the original sample. The ex- 
tracted and dried sample is then 
sprayed with a webbing plastic mate- 
rial which bridges the gaps across the 
surface vugs. Additional plastic is ap- 
plied until a coating is built up which 
is thick enough to prevent loss of water 
from the vugs but still permeable 
enough to permit the entrance of water 
when vacuum and pressure is applied. 
Actual experience has indicated that 
this method of applying a plastic coat- 
ing is required in only a small per- 
centage of cases. 

In a check on six cores of 5% in. 
diameter, an average porosity of 7.63 
per cent was obtained after extraction 
and resaturation with a 25 per cent 
brine (for purposes of electrical resis- 
tivity measurements), as compared to 
an average of 7.93 per cent from the 
original Dean-Stark extraction, and an 
average of 8.03 per cent from a gas ex- 
pansion method. The last mentioned 
method will not be described in detail 
in this paper, but in brief consisted of 
using a large size Hassler holder to 
seal over the surface of a faced sample, 
followed by measurement of pressure 
change as air or helium was admitted 
to the evacuated sample. The accuracy 
of this porosity method is felt to be 
good, but it has the disadvantage of 
requiring extra steps in the procedure, 
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i.e., sawing the core and subsequent 
drying, and also the attainment of pres- 
sure equilibrium is slow if the core 
matrix has extremely low permeability. 


It may be mentioned that one exam- 
ple was encountered where the Dean- 
Stark extraction method failed to re- 
move the water completely. If the pro- 
cedure is applied blindly one would 
in this case come out with an incorrect 
high oil content and a low water con- 
tent. In the example noted the appar- 
ent oil content was 0.6 per cent of bulk 
volume, the water content 0.8 per cent, 
the total porosity 1.5 per cent. The for- 
mation was a dense dolomitic shale, of 
permeability less than 0.001 md. It was 
evident, however, both from the appear- 
ance of the sample and the fact that 
the gas content was almost zero, that 
the formation was so tight that it would 
not give up all its water under the con- 
ditions of the extraction. This serves 
to emphasize that each analysis must 
be treated as an individual problem and 
solved accordingly. 


Permeability 


it has been suggested that the use of 
the above mentioned clamp type per- 
meameter may give rise to considerable 
error due to the end effect when deal- 
ing with fractured core samples, i.e., 
there may be a channel connected to 
one end of the core which carries a dis- 
proportionately large amount of air. It 
is not denied that this may occur in 
some instances, but it is believed that 
the errors will be in both directions 
and will tend to balance out when a 
large number of samples are measured. 
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The accuracy of any one measurement 
is not high, but the approximate mag- 
nitude of the “equivalent” permeability 
is at least indicated and the measured 
value does take into account the flow 
capacity of both the matrix and the frac- 
ture or yugular system. Measurements 
so far made on samples of intergranu- 
lar porosity have shown reasonable 
agreement with permeabilities of drilled 
plugs from the samples. 

A different type of permeameter has 
been devised, as shown in Figs. 6 and 
7, not because it was felt that the open- 
end clamp type permeameter was not 
good, but to permit a different method 
of analysis which is described in 
the last part of this paper. Screens 
covering opposite sides of the core re- 
place the rectangular gasket openings 
of the clamp type permeameter, and 
the remaining surface of the sample is 
sealed by rubber tubing and air pres- 
sure. This Hassler type permeameter 
may be used for both horizontal uni- 
directional permeabilities and vertical 
permeabilities on the same sample. It 
requires that the permeability sample 
be faced off on both ends with a dia- 
mond saw. The two sizes of this per- 
meameter which have been built will 
accommodate core samples of diameter 
from 234 to 53% in., and length from 
2 to 20 in. Shape factor corrections have 
been determined by three-dimensional 
electrolytic model experiments simulat- 
ing the controlling factors in the fluid 
flow, i.e., the ratios of screen length 
and width to core length and diameter. 
The accuracy of permeability deter- 


‘mination with this apparatus is prob- 


ably slightly better than that of the 
clamp type permeameter; however, the 
latter is believed to be adequate for the 
purposes to which it is applied, consid- 
ering the erratic and capricious nature 
of the permeability of fractured sys- 
tems. 


Matrix Measurements 


A technique which was used in cer- 
tain instances consisted of making meas- 
urements of total porosity by extraction 
and resaturation, and measurements of 
porosity on a number of small pieces 
of the matrix, using the difference as an 
indication of the amount of secondary, 
or fracture and vug porosity. This 
method has been described by Atkinson 
and Johnston.’ Further experimental 
data in this connection is presented be- 
low. It is felt that this method is useful 
but is limited to those cases where the 


matrix is quite dense and the secondary _ 


porosity well defined. 
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ANALYSIS RESULTS FOR 
TYPICAL FORMATIONS 


Matrix Measurements 

After obtaining analysis results on 
large cores from a section of Ellenbur- 
ger formation from the Fullerton field, 
additional measurements of matrix po- 
rosity and permeability were proposed 
in order to obtain a clear understanding 
of the relationships involved. Fortu- 
nately the available samples showed a 
rather wide variety of characteristics 
ranging from dense and finely frac- 
tured to spongy, vuggy formation. Ac- 
cordingly, on the basis of the special 
analysis results only, four groups of 
samples were selected. Group 1 con- 
sisted of 14 samples with very low gas 
bulk (from 0 to 0.29 per cent) and low 
oil bulk (0 to 0.40 per cent). Group 2 
contained 13 samples of intermediate 
gas bulk (0.41 to 1.52 per cent) and 
low oil bulk (0 to 0.16 per cent). 
Group 3 contained 15 samples of inter- 
mediate gas bulk (0.06 to 0.89 per 
cent) and intermediate oil bulk (0.17 
to 2.10 per cent). Group 4 contained 7 
samples of high gas bulk (1.43 to 5.63 
per cent) and high oil bulk (1.05 to 
2.40). In general, group 1 consisted 
of dense samples with limited fracture 
development, group 2 had somewhat 
larger fractures and some open vugs, 
group 3 showed more development of 
intergranular porosity, and group 4 
samples were intergranular and/or 
highly vugular. 

In Table I a summary is presented 
of average values of fluid contents, po- 
rosity and permeabilities by special 
analysis, and average values of poros- 
ity and permeability of matrix samples. 
The latter were small (34 in. diameter) 
drilled plugs. Matrix porosity was de- 
termined by the vacuum-saturation 
method, but pressure was not used. 
Fig. 9 is a graphic comparison of the 


Table I ees 
Matrix vs. Whole Core Data, Ellenburger, Fullerton Field 
Group 1 2 3 4 
Gas, % bulk 0.08 0.91 0.63 3.72 
Oil, % bulk 0.06 0.06 0.88 1.84 
Water, % bulk 2.07 1.65 1.66 Oeil 
% pore 94, 63 52 39 
Matrix porosity, % bulk 1.98 1.58 2.56 7.92 
% total pore 90 60 81 94 
Total porosity, % bulk eel 2.62 Sallie 8.40 
Kinax, md 10 409 28 94. 
Ky, md 0.6 1.2 10 38 
Matrix K, md 0.3 0.2 0.3 Belk 
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averages of water saturation (as per 
cent of pore space) with the average 
ratio of matrix to total porosity, for the 
four groups. 

Table 1 and Fig. 9 show agreement, 
considered good for the number of 
samples represented, between the water 
content for groups 1 and 2 and the mat- 
rix porosity. However, this agreement 
disappears for groups 3 and 4. This 
illustrates quantitatively what had been 
inferred, i.e., that matrix porosity 
measurements would be an approxima- 
tion to the water content of the large 
cores, and hence useful-in reserve esti- 
mates, only when the matrix is dense 
and representative pieces can be se- 
lected such that no small vugs or inter- 
granular porosity is included. 


The magnitudes and ratios of Kinax 
and K,,° in the different groups reflect 
the amount and distribution of second- 
ary porosity between fractures _and 
vugs. 

Fig. 10 shows photographs of six 
core samples from the above groups to- 
gether with the corresponding special 
core analysis data. Out of these, sam- 
ples 50 and 96 are from group 1, sam- 
ple 91 from group 2, samples 32 and 
78 from group 3, and sample 29 from 
group 4. 


Average Data for Several 
Formations 


Table II presents a summary of spe- 
cial analysis data for three types of 
formation. Between 300 and 500 sam- 
ples are included in each set of data. 
The group of samples listed as “low 
porosity fractured formation” consisted 
primarily of Ellenburger and Devonian. 
The “fractured limestone” group in- 
cluded relatively high porosity samples 
with considerable fracture and vug de- 
velopment. The “non-fractured dolo- 
mite” group was comprised of samples 
from three crystalline dolomite forma- 
tions possessing negligible fracture de- 
velopment. It is of interest to note the 
average water saturations, 60.0, 45.8 
and 41.8 per cent of pore space respec- 
tively. These decrease in the same order 
that the K,.° values increase. It should 
be pointed out, if the average measured 
total water saturations seem high com- 
pared to the values usually associated 
with such formations, that these aver- 
ages include values for the lowest po- 
rosity samples as well as the high po- 
rosity samples, and that\no attempt was 
made to differentiate between “barren” 
and “productive” pay. The percentages 
of samples with Kwmax less than 0.1 mil- 
lidarcys were 29 per cent, 5 per cent 
and 4 per cent for the three respective 
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groups. The average oil saturations 
were, respectively, 16.6, 12.4 and 15.0 
per cent of pore space. On the premise 
that the measured water content is 
equal to the connate water content, the 
calculated values of reservoir oil in 
place are, respectively, 73, 381 and 432 
bbl per acre ft. 

The maximum individual values of 
Kmax in the three groups of samples 
of Table II are, respectively, 5,060, 
27,400 and 970 millidarcys. These may 
be compared to the permeability values 
reported by Bulnes and Fitting’ rang- 
ing up to 2,670,000 millidarcys and 
porosities up to 36.5 per cent, for °4 in. 
test plugs cut from a cavernous lime- 
stone. The average values of Kmax and 
K.y° shown in Table II are quite re- 
spectable values, and their ratios re- 
flect the degree of fracturing of the 
three groups of samples. It is probable 
that reducing sample size and length of 
flow in permeability measurements on 
fractured and vugular formations tends 
to cause a poorer permeability distribu- 
tion as compared to larger samples. 
That is, in two series of permeability 
measurements on small samples and on 
large samples from the same formation, 
the measurements made on small sam- 
ples would show more extremely high 
and more extremely low values than the 
measurements made on large samples. 


ANALYSIS OF FRACTURED LIMESTONE CORES 


The data on the fractured limestone 
of Table II are further split into 
groups acording to porosity range, as 
shown in Table III. The two lowest 
porosity groups, 0-3, 3-6 per cent, 
are also divided into two subgroups ac- 
cording to whether Kmax is less than or 
greater than 0.1 millidarcy. The regular 
trends in the oil, water and gas satura- 
tions as functions of porosity are 
pointed out. The water and oil satura- 
tions are plotted in Fig. 11 as “Field 
B,” where they are compared with the 
corresponding water and oil satura- 
tions of a considerably lower porosity 
fractured Devonian formation, “Field 
A.” It may be noted from Fig. 11 that 
the water saturation for the highest 
porosity group in Field B is practically 
the same as the water saturation for the 
next highest porosity group, in contrast 
to what one might expect from capillary 
considerations. This same effect has been 
noted in other cases; in some, the water 
saturation curve shows a decided mini- 
mum. This may be due to one of several 
physical causes. It may be a reflection 
of the connate water characteristics of 
the reservoir, caused by qualitative 
changes in the character of the pore 
space. Or it could be due to differences 
in relative permeability characteristics 
in the low and high porosity formation. 


Table II 
Summary of Average Data for Three Types of Formations 
Formation: Porosity Water Oil Kenax, md. Koo°, md 
> % Bulk % Bulk % Pore % Bulk % Pore Aver. Range Aver. Range 
Low-porosity 
fractured formation 2.38 141 60 O39 216 96 ~=0-5060 7.8 0-756 
Fractured limestone 9.05 4.14 46 WI 21064 0274005 12 0-313 
Non-fractured dolomite 8.72 B00 sA2 ES Teel) 42 0-970 19 0-857 
Table II 
Breakdown by Porosity:Groups of Data on a Fractured Limestone 
Porosity Range, % Ors 3-6 6-10 10-15 >15 
Permeability md <0.1 s> Ost <0: >0.1 
Number Samples 12 Ss 8 88 94 105 99 
Porosity 
sa Bulk Leo% 1.89 4.34 4.36 7.82 12.43 eS 
i 
% Pore 0.9 4.5 8.6 Ma) 1257 16.7 19.9 
Water 
A % Pore 85.1 73.9 09.7 95.0 42.4 30.5 29.7 
as 
% Pore 14.0 21.6 alert 37.5 44.9 02.8 50.4 
Kinax, md 0.04 11 0.05 133 335 28 28 
Range 0.00- 0.13 0.00- 0.11- 0.08- 0.00- 3.01- 
0.10 228 0.08 9,680 27,400 334 793 
Koo°, md 0.03 Beas 0.02 11 10 16 18 
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SAMPLE 32 

SAMPLE 29 Porosity 1.60% 
Porosity 8.66% Kmax 108 md 
Kmax 23 md Koo° 24 md 
Ko0° 0.3 md Gas 9% 
Gas 65% Oil 36% 
Oil 21% Water 55% 
Water 14% 


SAMPLE 50 SAMPLE 78 
Porosity 2.02% Porosity 4.17% 
Kmax 124 md Kmax 125 md 
Kao° 1.9 md Ky0° 25 md 
Gas 3% Gas 22% 
Oil 0% Oil 11% 
= Water 97% Water 67% 


SAMPLE 91 
Porosity 2.87% SAMPLE 96 
Kmax 3.1 md Porosity 2.00% 
Koo° - 1.6 md Kmax 15 md 
aaa Gas - 38% Keo° .006 md 
Oil 3% Gas 17% 
Water 59% Oil 5% 


Water 78% 


FIG. 10 —DATA ON ELLENBURGER SAMPLES. 
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Flushing of pore space with water 
from the drilling mud may have oc- 
curred and subsequent expulsion of 
water by liberated gas as the core was 
raised to the surface may have resulted 
in a final water saturation higher than 
the original connate water saturation. 
However, another possible cause is @ 
statistical phenomenon which is often 
overlooked, but is known definitely to 
be of appreciable effect. The water 
saturations are averaged in groups with 
porosity as the controlling parameter. 
Since there is not a one-to-one corre- 
spondence between individual values 
of porosity and saturation, the average 
saturation for the next to highest group 
includes some low values which corre- 
spond to the porosity group below it 
and some high values which correspond 
to the porosity group above it. The 
average saturation for the highest po- 
rosity group can draw upon some val- 
ues corresponding to the porosity group 
below it, but none for a higher porosity 
group, therefore, the average saturation 
for this end group is higher than would 
be the case if there were a still higher 
porosity group present. Incidentally, it 
may be noted that if this statistical ef- 
fect did not exist, the average values 
of Kmax and K,° for the highest poros- 
ity group of Table III would be higher, 
and perhaps more consistent with the 


values. from the adjacent group if the 
presumption is made that the perme- 
abilities for the adjacent group are not 
greatly influenced by fracturing. 


Fig. 12 shows the permeability aver- 
ages by groups for the fractured lime- 
stone of Table III, as compared to the 
corresponding data for the non-frac- 
tured dolomite samples of Table II. 
The fractured limestone permeability 
averages exhibit a significant feature 
in that the greatest permeability ra- 
tios occur for the intermediate porosity 
groups 3-6 and 6-10 per cent, 
whereas for the inter-crystalline dolo- 
mite the trend is for both permeabili- 
ties to increase steadily with porosity, 
with a gradual decrease in the ratio 
between K,nx and K,,°. 


In concluding this section on typical 
core analysis data for fractured forma- 
tions, it may be remarked that the inter- 
relationships between the measured 
quantities appear very similar to those 
for sandstone or non-fractured reser- 
voirs, but with certain differences in the 
magnitudes of the porosity and in the 
directional character of the permeabil- 
ity. If one considers the fractured res- 
eryoirs in terms of larger volumetric 
units, the differences in reservoir be- 
havior between these and sandstone 
reservoirs become a matter of degree, 
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FIG. 11 — SATURATIONS VS. POROSITY FOR TWO FRACTURED 


FORMATIONS. 
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not of kind. It would appear that the 
core analysis of fractured reservoirs, . 
once considered an impossibility, is now 
well on the way to becoming a useful 
tool in reservoir engineering. Contin- 
ued study based in part on this tool 
should in time contribute materially to 
our understanding and evaluation of 
such reservoirs. 


COMPARISON OF SPECIAL 
VS. CONVENTIONAL CORE 
ANALYSIS 


The comparison betwen special and 
conventional analysis which is  dis- 
cussed here is not concerned with ob- 
vious differences which arise from the 
failure of conventional analysis to prop- 
erly take into account the effect of 
fractures or large vugs, but rather with 
the basic differences due to the respec- 
tive methods applied to formation which 
should lend itself to analysis by either 
method. 


A portion of each sample used for 
special analysis was set aside and run 
by conventional methods of analysis. 
A total of 296 samples were run by 
each method. These samples were from 
three different reservoirs of crystalline 
dolomite. The extent of fracturing was 
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Table IV 


Comparison of Special and 
Conventional Analysis 
Special Conventional 


Dolomite Analysis Analysis 
Porosity 

% Bulk 8.7 9.6 
Oil 

% Bulk 1.3 ED 
Water 

% Bulk 3.7 22 
Gas 

% Bulk Sel 6.2 
i Goris 

md 42.1 26.9 
Ko° 

md 18.9 26.9 


so slight that it can be neglected inso- 
far as its effect on porosity and fluid 
saturations is concerned, although pos- 
sibly not in regard to permeability. The 
resultant average values for porosity, 
oil, water and gas bulk, and Kyax, Kw? 
and conventional permeability, are 


shown in Table IV. 


In the conventional analysis, a 180 
gram sample of formation was retorted 
to arrive at water and oil content. Cor- 
rections were applied which had proved 
applicable to sandstone and presum- 
ably to higher porosity lime and dolo- 
mite. The gas bulk was measured on a 
separate 20-40 gram sample by inject- 
ing mercury at 750 psi presure into the 
gas-filled pore space, with corrections 
for the compressibility of mercury and 
its closer conformation to the cham- 
ber walls as pressure is applied. Poros- 
ity was calculated as the sum of the oil, 
water and gas bulk. Permeability was 
measured on a drilled plug from 34 
to 114 in. in diameter. 


Referring to Table IV, it is noted 
that porosity by special analysis is 9 
“per cent lower than porosity by con- 
ventional analysis. The oil contents by 
the two methods checked closely, 1.3 
per cent of bulk volume by special as 
_ against 1.2 per cent by conventional 
analysis. The difference in porosity is 
seen to be due to the combined effect 
of a higher water bulk by special anal- 
ysis and a higher gas bulk by conven- 
tional analysis. 


To realize the reasons for these dif- 
ferences it is necessary to go back to 
the original data and to study cr-ti- 
cally the individual steps of the meth- 
ods and calculations. In the special 
analysis there is evidence (e.g., weight 


of core saturated with toluene) that in 


some cases the measured gas content is 
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slightly low. In the oil content deter- 
mination there are sources of possible 
error which, however, tend to compen- 
sate each other except in extreme cases 
which can usually be anticipated. In- 
complete extraction of oil by the tolu- 
ene results in low measured oil content, 
whereas incomplete removal of water 
gives high measured oil content. In 
general, the measurement of water con- 
tent of the sample is considered quite 
accurate. 


In the conventional analysis the wa- 
ter content is appreciably lower than by 
special analysis, and there is reason to 
believe that more time should be al- 
lowed for distillation of water from the 
sample. By taking the final water read- 
ing in the retorting instead of an inter- 
mediate water reading, the water bulk 
for the data of Table IV would be in- 
creased from 2.2 to approximately 3.3. 
The water is read at an intermediate 
time in the case of sandstone samples 
in order to allow for combined water 
or water of crystallization, but appar- 
ently in the case of dolomitic forma- 
tion the water is held in the fine capil- 
laries in free rather than in combined 
form, and the reason the water is slow 
in coming over during the distillation 
is that the permeability of the matrix 
is so low. 


The high measured gas bulk in con- 
ventional analysis seems to be the most 
important source of discrepancy. It 
should be realized that in the low po- 
rosity material involved we are stretch- 
ing the limits of accuracy of this meas- 
urement. The reason for the high gas 
bulk probably lies largely in the fact 
that there is a surface effect and that the 
mercury conforms more closely to the 
grains when pressure is applied. This 
effect causes a greater percentage error 
when the total pore space is low. It is 
not believed that measurement of total 
porosity by the Washburn-Bunting 
method would appreciably increase the 
accuracy since in this method there is 
an error from absorption of air on the 
pore surfaces, and this error would be 
appreciable due to the number of fine 
capillaries and the large surface area. 
It is possible that a helium porosime- 
ter would work satisfactorily. At any 
rate, investigation is being made as to 
ways to reduce the error in the gas 
bulk measurement of conventional anal- 
ysis, and also to choose suitable retort- 
ing conditions to improve the accuracy 
of the water measurement. 


In summary, it is believed that the 
special analysis methods give somewhat 
more accurate fluid saturation and po- 
rosity values than conventional analy- 
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sis, even on non-fractured formation. 
The special analysis may possibly tend 
to give slightly conservative values for 
reservoir oil in place. Conventional 
analysis on  low-porosity formation 
which does not have fractures or large 
vugs has in the past probably given 
values for reservoir oil in place which 
are too high, but there is reason to 
believe that improvements in accuracy 
can be made here. 


Individual foot-by-foot interpretations 
should not be made from special analy- 
sis data since examination reveals very 
poor correlation between porosity, fluid 
saturations and permeability of indi- 
vidual samples when fracturing or solu- 
tion cavities are present. However, sta- 
tistical examination of the overall data 
on a given reservoir does reveal rela- 
tionships which should be useful in 
reservoir studies and reserve estimates. 
The need for analysis of all of the pro- 
ductive horizon is even more apparent 
than in the case of sand reservoirs. 


POSSIBLE MODIFICATIONS 
OF SPECIAL ANALYSIS 
METHODS 


A major limitation of the special 
analysis technique heretofore described 
is its slowness. This is a consequence 
of the size of the samples and the time 
required for complete extraction. Due 
to this long extraction time, even a 
large and expensive laboratory installa- 
tion is limited in the number of sam- 
ples it can turn out per day. The slow- 
ness of extraction is not the entire rea- 
son, of course, since the process in- 
volves a large number of separate time- 
consuming steps on which detailed and 
careful records must be kept. In order 
to obtain core analysis data of more 
immediate use for completion purposes, 
it would be highly advantageous to 
have a faster method. 


It has been observed that some oper- 
ators have insisted that special analysis 
rather than conventional analysis be 
made in cases where the fracture or 
vugular development of the formation 
was minor. Since in the past the analy- 
sis of small amounts of core had proved 
inadequate for all cases, this was prob- 
ably a natural reaction or swing to the 
other extreme. However, for a good 
many formations, statistical considera- 
tions show that conventional analysis 
will be adequate, and should be chosen 
where quickness of results are impor- 
tant. 
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One compromise which should prove 
applicable in many cases would be to 
run conventional analysis except for 
permeabilities which would be run on 
the large cores as needed. This would 
be particularly suited to cores which 
are in part fractured and whose poros- 
ity is of the intergranular type or shows 
only small to medium size vugs. The 
contribution of fractures to the total 
porosity will in general be quite small. 


For those formations on which spe- 
cial analysis is specifically required, 
three alternative modifications are pro- 
posed in order to shorten the time re- 
quired to complete the analysis. These 
are as follows: 


1. On those reservoirs where the oil 
section is known or can be deter- 
mined by examination under ultra- 
violet light, it is proposed to satu- 
rate the samples as before, and 
then combine, say, 100 ft of con- 
tiguous cores in one large-scale 
Dean-Stark extraction apparatus. 
In this way the total water con- 
tent and the total oil content is 
determined for the combined group 
of samples which represents all 
of the core available and indi- 
vidual measurements of porosity 
and permeability are made on the 
separate samples. The composite 
oil and water content of each 100- 
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ft section can be used to estab- 
lish reserves, and should be as 
useful as individual values since 
for this purpose the individual val- 
ues would have to be combined 
anyway. 

2. It is proposed to take 6 to 9-in. 
specimens of core for extraction, 
face them off, and determine per- 
meability using the Hassler type 
permeameter shown in Figs. 6 and 


7. In this apparatus vertical as 
well as two horizontal permeabil- 
ities can be measured. Adjacent 
9 to 12-in. specimens of core can 
be taken for determinations of 
porosity and fluid content. For this 
purpose the core will be crushed 
by a rock crusher to the size of 
walnuts or smaller. Preliminary 
tests indicate that the extraction 
will be complete in 1 to 2 days by 
this procedure. The total analysis 
time will of course not be short- 
ened a comparable amount since 
we are actually adding additional 
steps of cutting, crushing, hand- 
ling and calculating; however, the 
statistical average characteristics 
of the formation should be affected 
only te a very small extent by 
thus using 14% to 24 of the sample 
size-that has been previously used 
in special analysis. 
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3. Other entirely different methods 
of analysis are possible, such as 
vacuum distillation, which shows 
possibilities of being made into a 
fast and acurate method. 


It is believed that the above described 
procedures can be developed to be as 
accurate as the methods of special anal- 
ysis originally used and described in 
this paper. It is hoped they will be 
used to speed the accumulation of res- 


ervoir data on the increasingly impor- 


tant class of fractured and vugular 
reservoirs. 
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Gas dehydration plays an important part in the production 
of natural gas. Effective dehydration prevents formation of 
gas hydrates and the accumulation of water in transmission 
systems,’ insuring uninterrupted gas deliveries at maximum 
efficiency under the most adverse weather conditions. At the 
present time, most gas companies require a maximum water 
vapor content of seven lb per million standard cu ft of gas, 
so that virtually all gas tendered for sale must be dehydrated 
to meet this specification. 


For a number of years it has been common practice to pro- 
duce gas and gather it at a common point for dehydration 
prior to discharge into the transmission system.”*"""" How- 
ever, higher transmission line pressures, long gathering lines 
and relatively low ground temperatures have made it neces- 
sary to dehydrate gas at, or near, individual wells in order to 
gather gas from a number of newly developed fields without 
unusual difficulty. Where gas has been dehydrated at pressures 
ranging from 300 to 800 psi in the past, future trends indi- 
cate that these processes may he operated at pressures as high 
as 2,000 psi. 

Economics of gas dehydration are of great importance, par- 
ticularly where facilities must be provided to process rela- 
tively small quantities of gas, such as the production from an 
individual well. Although the adsorption of water vapor from 
gas on a granular sorbent material such as activated bauxite, 
activated alumina, or one of the alumina-silica gels is highly 
effective and produces virtually “bone dry” gas, the cost of a 
small unit of this type is substantially greater than that of an 
absorption process which, through proper selection of the 
absorbing liquid, will dehydrate the gas sufficiently to meet 
pipe line specifications. For this reason, a great deal of empha- 
sis has been placed on the development of small, inexpensive 
dehydration units*** and the search for more effective absorb- 
ent liquids has been intensified. 


1References are given at end of paper. 

Manuscript received at the office of the Petroleum Branch September 
27, 1949: Paper presented at the Branch Fall Meeting in San Antonio, 
Texas, October 5-7, 1949. 

*American Gas Association Supply Men’s Research Fellow in Chemica) 
inapineccing at the University of Oklahoma. This paper is a condensa- 
tion of a thesis submitted by J. A. Porter in partial fulfillment of the 
requirements for the M.Ch.E. degree, conferred by the University of 
Oklahoma in August, 1949. . 
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A wide variety of methods for dehydrating gas are known’ 
and many of these have been used in industry. Earlier appli- 
cations of the absorption process employed concentrated solu- 
tions of calcium and lithium chlorides as the absorbent. The 
severe corrosion problems inherent in handling these solutions 
and the relatively small dew point depressions obtained caused 
early abandonment in favor of, or conversion to, diethylene 
glycol when it was found that aqueous solutions of this organic 
liquid were more hygroscopic than the brines and were non- 
corrosive. Processes employing diethylene glycol-water solu- 
tions are widely used for gas dehydration at pressures ranging 
as high as 1,200 psi.**** At nominal pressures a dew point 
depression of 45° to 50°F may be obtained and the data of 
Russell et al. indicate that a minimum dew point is obtained 
from the effluent gas at a pressure of approximately 1,200 
psi when the gas is in equilibrium contact with a 95 per cent 
by weight diethylene glycol solution. In a number of instances 
the dew point depression obtained with diethylene glycol-water 
solutions is not sufficient to produce a specification product 
without cooling the inlet gas. In a recent search for a better 
absorbent, triethylene glycol was used in a small commercial 
dehydration unit and subjected to rather exhaustive field 
tests.° The data obtained were encouraging and indicated that, 
at pressures ranging from 300 to 500 psi, triethylene glycol 
produced a substantially greater dew point depression than 
diethylene glycol. These results led to an investigation of the 
system natural gas-water-triethylene glycol in an effort to 
obtain vapor-liquid equilibrium data, to determine pressure 
limitations, and to develop other data pertinent to the design 
of gas dehydration processes. 


A review of the literature has failed to reveal any data 
which permit reasonably accurate calculation of the vapor- 
liquid equilibrium conditions for a solution of water and tri- 
ethylene glycol in contact with natural gas at high pressure. 
Since these constituents form a non-ideal system, the Poynting 
equation or the usual combination of Raoult’s and Dalton’s 
laws”"? would not be valid. Correction of Raoult’s and Dal- 
ton’s laws by the use of activity coefficients” is not feasible for 
available data are insufficient for the prediction of the actual 
increase in the ratio of the activity of one component in the 
vapor phase to its activity in the liquid. Therefore, experi- 
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mental equilibrium data were observed in the laboratory, using 
95 per cent by weight triethylene glycol, 5 per cent water solu- 
tion in contact with a relatively nitrogen-free natural gas at 
pressures ranging from 500 to 2,000-psig and at temperatures 
ranging from 60° to 100°F. 


APPARATUS 


The experimental apparatus used in this investigation is 
shown in Fig. 1 and is, essentially, a duplicate of the con- 
tinuous flow system used by Russell” to investigate the system 
natural-gas-water diethylene glycol. In this system, the natural 
gas was compressed to the desired pressure by a three-stage 
Rix compressor and passed through a coil in a constant tem- 
perature bath to a saturator where the moisture content of 
the gas was adjusted to the desired level. Saturated gas from 
this vessel then passed through a gas scrubber where any 
entrained water was separated and removed from the gas. 
Saturation conditions were checked by dew point measurement 
of the gas at a point immediately downstream from this 
scrubber.” 

A measured quantity of saturated gas was then passed to 
a second constant temperature bath containing the gas-liquid 
contactor and a separator. A measured quantity of 95 per 
cent triethylene glycol solution was pumped into the contactor 
coil by means of a gas-powered plunger pump so that the gas 


_and glycol solution flowed concurrently in intimate equilibrium 


contact to the separator, where the two phases were separated 
and removed from the system. 


The effluent gas stream was split, with one portion passing 
through a U. S. Bureau of Mines Dew Point Tester maintained 
at system pressure, thence to a préssure-reducing regulator 
prior to measurement at atmospheric pressure in a wet test 
meter. The second portion was passed to a second pressure- 
reducing regulator, thence to a train of drying tubes filled 
with anhydrous magnesium perchlorate where water and glycol 
vapors were adsorbed prior to measuring the gas in a second 
wet test meter. Gas from both meters was then vented to 
atmosphere. 


The glycol solution was withdrawn from the separator at 
a constant rate in order to maintain a uniform level in that 
vessel. A portion of this solution was accumulated under pres- 
sure in a separate vessel, equipped with a high-pressure reflex 
liquid level gauge glass, where the solubility of gas in the 
glycol solution was determined at the end of each run. 

Accessory apparatus included a special viscosimeter used to 


determine the glycol concentration of all solutions used in this 
investigation.” 


236 PETROLEUM TRANSACTIONS, AIME 


VAPOR-LIQUID EQUILIBRIUM DATA ON THE SYSTEM NATURAL GAS-WATER- 
TRIETHYLENE GLYCOL AT VARIOUS TEMPERATURES AND PRESSURES 


EXPERIMENTAL MATERIALS AND 
TECHNIQUES 


The natural gas used in this investigation was obtained from 
the mains of the Oklahoma Natural Gas Co. at Norman, Okla. 
A representative analysis of this gas is shown in Table I. 


The triethylene glycol used was a technical grade obtained 
from the Carbide and Carbon Chemicals Division of Union 
Carbide and Carbon Corp. Physical constants and other data 
pertaining to this glycol are shown in Table IJ. The glycol 
was blended with distilled water to the desired concentration 
of 95 per cent by weight glycol and 5 per cent by weight water. 


A specific operating procedure was used throughout the 
investigation which was developed from preliminary experi- 
ments. In pressuring the apparatus, the saturator was by- 
passed to prevent condensation of moisture in the system. 
When system pressure reached 200 psig, glycol injection was 
started. After the desired operating pressure was attained, 
the gas was turned through the saturator and the gas flow to 
the contactor was adjusted to a rate of six standard cu ft of 
gas per hour. The glycol injection rate was adjusted to 60 gal 
per Mcf of gas. These rates, and the established temperatures 
and pressures, were maintained constant throughout the run. 
After operating conditions were established, the system was op- 
erated for one hour before any samples were drawn for analysis 
or effluent gas dew points observed. At the end of this pre- 
liminary period, an inlet gas dew point was observed to start 
the run and the drying tube train was connected into the 
proper effluent gas stream. A total volume of approximately 20 
standard cu ft of gas was passed through the drying tubes in 
order to minimize error. The weight of the glycol vapor in 
the effluent gas stream was obtained by difference, calculated 
from the pounds of water and glycol adsorbed from one cu ft 
of gas passing through the drying tubes, minus the pounds of 
water vapor per cu ft of gas as determined by dew point 
measurement in conjunction with the water vapor content 
correlation by McCarthy et al.° Prior to use, the adsorbent 
used in the drying tubes was saturated with hydrocarbons by 
passing dehydrated gas through the train, thus insuring that 
only glycol and water vapors would be adsorbed during the 
investigation. 

Dew points of inlet and effluent gas were determined by 
means of a U. S. Bureau of Mines Dew Point Tester, using 
liquid propane as the refrigerant. Preliminary investigation 
of the effect of glycol vapors on the dew point of gases 
treated with triethylene glycol failed to reveal errors of the 
magnitude predicted by Reisenfeld and Frazier® so that the 
dew point method was accepted as adequate. It is interesting 


Table I 
Analysis of Natural Gas 


Gas Volume % 


Component or Mol % 
Carbon Dioxide 0.70 
Nitrogen 1.95 
Methane 82.52 
Ethane 8.20 
Propane 3.67 
Butanes 1.86 
Pentanes 0.72 
Hexanes 0.19 
Heptanes and Heavier : 0.19 
100.00 


Specific Gravity (Re: Air = 1.000) : 0.6932 
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Table II 


Some Physical Constants and Properties of 
Triethylene Glycol?* 


HO-CH,-CH,-O-CH.-CH.-O-CH,-CH.-OH 


Structural Formula 


Molecular Weight 150.17 

Specific Gravity at 20°/20°C 1.1254 
Boiling Point at 760 mm Hg. 287.4°C 
Decomposition Temperature’ 206.5°C 


Solubility in Water Completely miscible 


in all proportions 


to note that the dew points obtained were sharp and unmis- 
takable; wholly unlike the results of similar determinations 
on gases treated with diethylene glycol solutions. This is 
probably due to the fact that triethylene glycol exhibits 
approximately 15 per cent of the vapor pressure of diethylene 
glycol at the temperatures employed. 

The water concentration of the glycol solution was deter- 
mined using an adaptation” of the method proposed by Fried, 
Bigg and Jennings.* This method is based on the fact that the 
viscosity of a glycol-water solution is directly related to the 
glycol concentration. The specially constructed apparatus was 
calibrated at a constant temperature of 30°C using solutions 
of known concentrations prepared from a sample of 100 per 
cent triethylene glycol supplied by the Carbide and Carbon 
Chemicals Division of Union Carbide and Carbon Corp. 

All glycol solution used in this investigation was collected, 
analyzed and re-blended to 95 per cent glycol concentration 
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FIG. 3 


by adding fresh glycol. Fresh solution requirements were 
small due to the fact that the glycol-gas circulation rate was 
so great that, even at 500 psig pressure and 100°F, the 
solution was diluted to but 94.0 per cent by weight glycol. 
At higher pressures and lower temperatures, the dilution 
was of the general order of magnitude of one to two-tenths 
of one per cent so that the equilibrium data obtained were. 
substantially, for 95 per cent glycol concentrations throughout 
the investigation. 


Solubility of gas in glycol solution was determined by lib- 
erating the gas evolved from solution differentially and meas- 
uring it by means of a wet test meter. The. gas was liberated 
at a very low rate so that the process was substantially iso- 
thermal. The volume of the residual glycol solution was meas- 
ured in a standard 1,000 ml graduated cylinder. 


Accuracy of the data obtained in this investigation is con- 
sidered to be quite satisfactory. Dew point measurements were 


_reproducible to 2°F. Determination of the glycol concentra- 


tion of the various solutions was accurate to 0.1 per cent, and 
check determinations on gas solubility in glycol solutions 
varied from 3 to 5 per cent. The method employed for the 
determination of glycol concentration in the effluent gas proved 
unsatisfactory, particularly at pressures exceeding 1,000 psig 
and at the lower temperatures employed, due to the fact 
that it depended on a small weight differential between two 
relatively large weights. As this weight differential became 
progressively smaller the error became larger. 


DISCUSSION OF RESULTS 


The data obtained from this investigation are shown in 
graphical form for sake of brevity. Fig. 2 is a semi-logarithmic 
plot of the equilibrium constants for water, calculated from 
the observed data, versus temperature using pressure as the 
parameter. The curve for atmospheric pressure was calculated 
from published equilibrium data.” The best straight line has 
been drawn through the experimental data points for each 
higher pressure, parallel to the atmospheric isobar. From this 
plot the equilibrium constant for water may be obtained at 
intermediate temperatures. Fig. 3 is a cross-plot of Fig. 2, 
where the equilibrium constants for water are plotted versus 
system pressure with temperature the parameter. This plot 
indicates that, over the temperature range investigated, a mini- 
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mum value of K is found at a pressure of approximately 900 
psia. 

Figs. 4, 5 and 6 show graphical comparisons of the water 
vapor content of natural gas in equilibrium contact with (a) 
pure water, and (b) 95 per cent by weight triethylene glycol- 
water solution at temperatures of 70°, 80° and 90°F, respec- 
tively. It is of interest to note that the water vapor content of 
the gas in equilibrium contact with the glycol solution passes 
through a minimum in the pressure range 800 to 1,000 psia. 
An extrapolation of the glycol curve indicates a retrograde 
phenomenon at pressures exceeding 2,000 psia wherein water 
is stripped from the glycol solution by the gas. This indicated 
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behavior has been verified by laboratory experiments con- 
ducted since this investigation was concluded. It is postulated 
that the pressure at which the two curves intersect would be 
increased by use of more highly concentrated glycol solutions. 

If the gas entering the absorber is saturated with water 
vapor at the contact temperature, then the dewpoint depres- 
sion is obtained by subtracting the dew point temperature 
of the effluent gas from the contact temperature. Dew point 
depressions for inlet saturation temperatures of 70°, 80° and 
90°F may be determined from the data of Figs. 4, 5, and 6, 
respectively. However, dew point depression is plotted versus 
pressure for a constant inlet temperature of 80°F in 
Fig. 7. Inspection of the data of Figs. 4, 5, and 6 and simi- 
lar data for temperatures of 60° and 100°F, not shown, indi- 
cates that there is virtually no difference in dew point depres- 
sion resulting from varying the contact temperature from 60° 
to 100°F, indicating that the dew point of the effluent gas is a 
function of the inlet temperature and the system pressure. 
Fig. 7 shows that the maximum dew point depression is prac- 
tically constant at pressures ranging from atmospheric to 
500 psia where the differential temperature is approximately 
60°F. At higher pressures, this differential temperature de- 
clines quite rapidly. 

Data obtained showing the concentration of triethylene 
glycol in the effluent gas are presented in Table III. These 
data were found to be inconclusive at higher pressures and 
lower temperatures, because of the analytical method em- 
ployed, but they are presented here to indicate the probable 
magnitude of the glycol vapor losses attending gas dehydra- 
tion under comparable conditions. Further investigation of 
this phase of the problem is now under way, employing a 
modification of the analytical method used by Russell.” 

The solubility of natural gas in 95 per cent by weight tri- 
ethylene glycol-water solution at a temperature of 80°F and 
various pressures is shown in Fig. 8. These data are based 
on the volume of the residual solution measured after the gas 
was liberated. Solubility data observed at other temperatures 
employed in this investigation were in very close agreement 
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with the data of Fig. 8 so that this curve properly represents 
the solubility of gas in 95 per cent triethylene glycol solution 
at temperatures ranging from 60° to 100°F. 


A comparison of some of the physical properties of. tri- 
ethylene glycol and diethylene glycol” suggests that the for- 
mer is probably better suited for natural gas dehydration 
service. In the atmospheric temperature range, the vapor pres- 
sure-of triethylene glycol is approximately 15 per cent of the 
vapor pressure of diethylene glycol, indicating that vaporiza- 
tion losses from atmospheric storage would be lower if tri- 
ethylene glycol were used. Although the boiling points of the 
pure substances vary appreciably, 549°F for triethylene glycol 
versus 473°F for diethylene glycol, the aqueous solutions 
exhibit virtually identical boiling points in the range 95-98 
per cent by weight glycol. However, the extent to which these 
solutions may be concentrated by application of heat at at- 
mospheric pressure is limited by decomposition temperatures. 
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Table III 


Equilibrium Concentrations of Triethylene Glycol in 
the Vapor Phase at Various Pressures and 


Temperatures 
Temperature Lb of Glycol 

AD per MMSCF Gas 
At 500 psia: 

60 es ies 

70 0.52 

80 0.21 

90 0.35 

100 Lo 
At 1,000 psia: 

60 1.68 

70 0.65 

80 0.50 

90 = 

100 — 


Diethylene glycol has a decomposition temperature of 328.1°F° 
so that the maximum concentration attainable without de- 
terioration due to progressive decomposition is slightly less 
than 97 per cent. On the other hand, triethylene glycol has a 
decomposition temperature of 403.7°F° which permits con- 
centration of the solution to approximately 99 per cent by 
weight. In view of the fact that dew point depression is a 
function of glycol concentration under equilibrium conditions,” 
it follows that triethylene glycol can be used with greater 
effectiveness at operating pressures ranging upward to 1,100 


psig. 


CONCLUSIONS 


The results of this investigation may be summarized as 
follows: 
1. Sufficient experimental vapor-liquid equilibrium data have 
been obtained on the system natural gas-water-triethylene 


Lee 


SOLUBILITY OF NATURAL 
GAS IN 95% BY WEIGHT 
TRIETHYLENE GLYCOL AT 
80°F AND 
VARIOUS PRESSURES 


I600 1800 2000 


a ee 


ee 


1400 


TOTAL PRESSURE PSLA: 


FIG. 8 


PETROLEUM TRANSACTIONS, AIME 


239 


T.P. 2848 


glycol to permit design of gas dehydration facilities oper- 
ating at temperatures ranging from 60° to 100°F and at 
pressures ranging from atmospheric to 2,000 psig. 

2. Equilibrium dew point depression in a triethylene glycol 
dehydration system operating at a specific pressure is a 
function of the contact temperature alone, over the range 
of temperatures investigated. 

3. The solubility of natural gas in a 95 per cent by weight 
triethylene glycol-water solution varies with pressure, but 
it is not a linear function of pressure. Variation in tempera- 
ture has a negligible effect on gas solubility within the 
temperature range investigated. 

4. The practical pressure limit for natural gas dehydration 
processes employing 95 per cent by weight triethylene gly- 
col-water solutions is approximately 1,500 psig. The dew 
point depression diminishes rapidly at pressures greater 
than 1,000 psig. 

. At pressures as high as 1,100 psig, 95 per cent by 
weight triethylene glycol-water solution effects a greater 
dew point depression than a diethylene glycol-water solu- 
tion of the same concentration. 

6. Triethylene glycol has a lower vapor pressure and greater 

thermal stability than diethylene glycol. 


on 
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ABSTRACT 


Proper control of the moisture content of natural gas is 
essential to reliable operation of gas transmission and distri- 
bution facilities serving northern markets. The moisture con- 
tent of natural gas is usually determined by dew point meas- 
urement at the existing pressure. For any gas of constant mois- 
ture content, the dew point varies with the pressure. 

A correlation of the data of several investigators is pre- 
sented in graphical form by the authors. These data were 
correlated by the authors and F. M. Townsend, C. C. Tsao, M. 
D. Rogers, Jr., and J. A. Porter, graduate students in chemi- 
cal engineering at the University of Oklahoma. 

Of particular interest are the hitherto unpublished low 
temperature data observed by Wickliffe Skinner, Jr., which 
are included in this correlation. 


PRESENTATION OF DATA 


The problem of interpreting water dew points, or saturation 
temperatures, of natural gas in terms of specific moisture con- 
tent has increased in importance during the past decade be- 
cause of extensive developments in the transmission and 
petro-chemical phases of the natural gas industry. Virtually 
all gas transported to northern and eastern markets must be 
dehydrated to a low water vapor content to prevent hydrate 
formation in transmission and distribution lines and resultant 
interruptions in gas deliveries. Complete dehydration is re- 
quired in certain phases of the petro-chemical industry involv- 
ing low-temperature operations. 

It is a well-known fact that the water vapor content of pure 
hydrocarbon vapors and their mixtures at superatmospheric 
pressures cannot be predicted with accuracy by assuming 
validity of the ideal gas laws.” Earlier interest in the general 
problem was concentrated on the water vapor content of pure 
hydrocarbons and hydrocarbon mixtures in the pressure and 
temperature ranges common to gas and oil producing reser- 
voirs in order to obtain fundamental data for the improvement 
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of production techniques and the furtherance of reservoir 
studies. Excellent data are published for pressures ranging 
from atmospheric to 10,000 psig and for temperatures ranging 
from 100° to 460°F*""*" and are found to be in close agree- 
ment. However, experimental data at high pressures and 
temperatures below 100°F are comparatively limited in scope. 


Experimental data in the lower temperature range have 
been reported by Laulhere and Briscoe,’ Deaton, et al,”* Ham- 
merschmidt,”* and Wade." In general, the pressures employed 
in these investigations ranged from atmospheric to 1,000 psig 
while temperatures ranged from 32° to 120°F; i.e., the usual 
conditions encountered in gas transmission line operations. 
Additional data were reported by Russell, et al,” at pressures 
as high as 2,000 psig and covering a rather narrow atmos- 
pheric temperature range. In 1947, Hammerschmidt published 
a correlation of all available data,’ in which the water vapor 
content of gases at saturation, under high pressure and low 
temperature, was predicted by extrapolation. In 1948, Wick- 
liffe Skinner, Jr., presented data on the moisture content of 
a low nitrogen content gas at low temperature and at pres- 
sures ‘ranging upward to 1,500 psia.” Comparison of Skinner’s 
experimental data with the extrapolated data of Hammer- 
schmidt revealed an appreciable variation in the lower tem- 
perature range, emphasizing the need for a new correlation 
which would rely on Skinner’s data at lower temperatures. 

Careful scrutiny of available data suggested that presence 
of an appreciable quantity of nitrogen in a gas mixture may 
affect its saturated moisture content so that data obtained from 
gases with more than three per cent nitrogen were not used 
in this correlation. 


CORRELATION OF DATA 


Data employed in this correlation are presented in Table I. 

The data of Dodson and Standing,’ McKetta and Katz,” and 
Olds, Sage and Lacey” were compared and found to be in close 
agreement so that the data of Olds, et al, re-plotted in a more 
convenient form by the Humble Oil and Refining Co.,’ were 
used for temperatures of 100°F and above. Skinner’s data 
were used for temperatures below 40°F. Between these inter- 
mediate temperature limits, the data of Hammerschmidt,' 
Wade™ and extrapolated data of Olds, et al,’ were tabulated 
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THE WATER VAPOR CONTENT OF ESSENTIALLY NITROGEN-FREE NATURAL GAS 


SATURATED AT VARIOUS CONDITIONS OF TEMPERATURE AND PRESSURE 


Table I 


Sources of Data Used in Correlating the Water Vapor 
Content of Essentially Nitrogen-Free Natural Gas at 
Saturation 


Pressure 


Range Temperature 
Investigator Reference psig Range 
Hammerschmidt 7 50-2,000 20° to 120°F 
Olds, Sage and Lacey 10 300-10,000 100° to 460°F 
Skinner 13 30-1,500 -60° to 40°F 
Wade 14 25-1,000 —10° to 120°F 


and averaged. These average values, together with the smooth- 
est curve drawn to join the data plots of Skinner and Olds. 
et al, determined intermediate values between 40° and 100°F. 
Accuracy of this method was confirmed by comparison with 
a Duhring plot of the data of Skinner and of Olds, et al, at 
700 psia which was prepared by F. M. Townsend.* The water 
vapor content of gas at atmospheric pressure was calculated 
from the vapor pressure data of Zimmerman and Lavine.” 


CONCLUSIONS 


Experimental data concerning the moisture content of essen- 
tially nitrogen-free natural gases have been correlated and 
plotted versus saturation, or dew point, temperature using 
pressure as the parameter. Pressures range from atmospheric 
to 6,000 psia, while temperatures range from —60° to 280°F. 
These data have been used successfully in the production of 


*Graduate Student in Chemical Engineering, University of Oklahoma, 
Norman, Okla. 
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gas from high pressure wells, in the design of dehydration 
processes and in the operation of high pressure gathering and 
transmission lines. 
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A STUDY OF RESERVOIR PERFORMANCE OF THE 
FIRST GRUBB POOL, SAN MIGUELITO FIELD, 
VENTURA COUNTY, CALIFORNIA 


WAYNE E. GLENN, 


ABSTRACT 


The San Miguelito Field of Ventura 
County, California, lies along the coast 
approximately five miles northwest of 
the city of Ventura. The structure is 
one of several in the Ventura anticline, 
a series of anticlinal folds trending 
northwest-southeast through the San 
Miguelito Field. The Ventura Avenue 
Field lies to the southeast along the 
anticline, and Padre Canyon and Rin- 
con Fields lie to the northwest; the se- 
ries then extends beneath the Pacific 
Ocean. Production is obtained from the 
Lower Pico and Repetto formations of 
Pliocene age, and oil accumulation is 
controlled by faulting, lithology and 
structure. The first well in the First 
Grubb Pool was completed in Novem- 
ber, 1931, and to date 48 producing 
wells have been drilled on the 276 pro- 
ductive acres. Approximately 685 ft 
of net pay are contained in the eight 
sand bodies grossing 1,220 ft of section. 
Production of oil to date has been 15,- 
600,000 bbl. A gas injection project 
was instigated in April, 1940, but was 
discontinued in September, 1949. 


This paper is confined to a discussion 
of the development and performance 
history of the First Grubb Pool of the 
San Miguelito Field. 


1References given at end of paper. 

Manuscript received at the office of the Pe- 
troleum Branch October 26, 1949. Paper pre- 
- sented at the Petroleum Branch meetings at 
San Antonio, October 5-7, 1949, and at Los 
Angeles, October 20-21, 1949. 
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LOCATION AND GEOLOGY 
The San Miguelito Oil Field is located 


in Ventura County about five miles 
northwest of the city of Ventura along 
the coastal highway to Santa Barbara. 
It is located within sections 23, 24, 25, 
and 30 of Township 3 North, Range 24 
West, San Bernardino Base and Merid- 
ian. Surface elevation in the field 
ranges from sea level to plus 1,200 ft, 
and the terrain is extremely rugged. 
The structure is well defined on the 
surface and on the wall of the Amphi- 
theatre Canyon where appears a so- 
called “text book” anticlinal section. 


The San Miguelito structure is an 
asymmetrical, elongated anticline about 
two miles long and three-fourths of a 
mile wide. The trend of the axis of the 
anticline is northwest-southeast. Fig. 9 
illustrates the contours and major faults 
of this structure. Dips on the south- 
westerly flank average about 40 degrees, 
whereas the northeasterly flank ranges 
from 60 to 75 degrees. There are sev- 
eral faults striking generally east and 
west. These faults do not appear to 
affect materially the area of accumula- 
tion or performance behavior. It is 
believed that accumulation was af- 
fected by steeply dipping beds and 
extremely low permeability of the north- 
east flank of the structure. 


As shown by the typical log, Fig. 1, 
the San Miguelito Field is divided into 
two stratigraphic producing intervals. 
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The First Grubb Pool comprises the in- 
terval from the “G” to “L” markers; 
the Second Grubb Pool from the “L” — 
to “M” markers. The First Grubb Pool, 
ranging in thickness from 1,105 to 1,680 
ft, with an average of 1,220 ft, includes 
approximately 685 ft of oil-bearing 
sands. The First Grubb zone consists 
of eight sand intervals separated by 
shales. 


The shale bodies separating the eight 
sand intervals within the First Grubb 
Pool are continuous throughout the ma- 
jor part of the structure and serve as 
an effective barrier. Many of the thin, 
irregular shale or siltstone streaks with- 
in these sand bodies are discontinuous 
and do not affect well performance ap- 
preciably. 


The productive horizons in the First 
Grubb Pool are siltstones and sand- 
stones of the Lower Pico and Repetto 
formations of Pliocene age. 


It is apparent from inspection of the 
typical log that the “G” to “L” interval — 
might have been separated into at least 
six producing zones and selectively pro- 
duced. Unfortunately the electric log 
and some of our modern tools were not 
available or were in their infancy dur- 
ing the period 1931 through 1937. Not 
until 1937 when eight wells had been 
completed were there sufficient geologi- 
cal data to permit definition of the 
sand bodies. Then the problem of res- 
ervoir control in this multiple-sand field, 
where all sands are open to a common 
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Table I 
Summary of Formation Characteristics 
Weighted Average 
Average Average Acres Within 

Sand Perm Porosity Strat. Net Effective Productive 
Interval md Per Cent Thickness, Ft Pay, Ft Limit 
rene 875 ira 100 1) 97 

H - Ha 79 SSE 125 (GS: 148 
Ha-t 71 WEY 130 2 180.5 
I-la 56.6 19.5 15 65.4 158.3 
la-J 47.8 17.9 140 70 258 
J-Ja 109 18.5 125 82.7 262 
Ja-Jc 107 19.2 215 yl fa 165.3 
Jc-K 56 dtd 3 276 
K-L 36.2 — 17.6( aes ee 

Pool 86 18 1220 685 1545 


well bore, was recognized. Because of 
the number of wells completed, cost 
considerations, and the complexity of 
the structure, however, the decision was 
made to produce all oil-bearing sands 
simultaneously. Fig. 2, typical sections, 
illustrates the complex geologic prob- 
lem that accounts to a large extent for 
this type completion and for the slow 
development rate. 

The First Grubb Pool of the San 
Miguelito Field was discovered with 
completion of Grubb Well No. 1 in No- 
vember, 1931, at a depth of 6,750 ft for 
an initial potential of 616 B/D of 32- 
degree API gravity. In August, 1932, it 
was recompleted with an initial produc- 
tion of 2,449 B/D. As of September 1, 
1949, 48 producible wells had been 
drilled to the first Grubb horizon. 


FORMATION AND FLUID 
CHARACTERISTICS 


The reservoir rocks are quite typical 
of California Pliocene sands. They are 
generally rather poorly sorted and con- 
tain a large amount of:silty argillaceous 
‘material, ranging from firm well con- 
solidated sands of low permeability to 
unconsolidated highly permeable sands, 
as shown by the typical log and as sum- 
marized in Table I. 

Porosity and permeability determina- 
tions are somewhat limited as only some 
800 samples from 20 wells were anal- 
yzed. The weighted average porosity is 
18 per cent, and the average permeabil- 
ity is 86 millidarcies. The pool weighted 
average porosity and permeability were 
determined by arriving at an average 
value for each foot of sand, measured 
from the top of each sand marker. 

_ These average values were then applied 
to the corresponding sand interval of 
each well penetrating the First Grubb 
Pool. 
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The permeability variation is ex- 
tremely high, but there does seem to be 
some correlation between wells. Based 
on the information available, it is esti- 
mated that 27 per cent of the average 
pore space is occupied by water. 


In contrast to the typical California 
reservoir, the sand intervals increase in 
areal extent with depth; that is, the 
“G” to “H” interval contains a_pro- 
ductive area of 97 acres while the “Jc” 
to “L” interval contains 276 acres. Per- 
meability generally decreases with 
depth except for the “Ja” to “Jc” inter- 
val which is comprised of a “coarse 
pebble bed.” The productive limits are 
in general defined by the Padre fault 
and permeability on the north, faulting 
and permeability on the east, water on 
the south, and permeability on the west 
flank. The productive limit along the 
southwest flank, as defined by water-oil 
contact, is very irregular as would be 
expected in a reservoir of this type. 
Faulting and permeability are the con- 
trolling factors. The Isopachous maps, 
Figs. 3 through 3c, indicate the relative 
sand volume and productive limits of 
each sand interval. The average gross 
sand thickness is 1,220 ft, whereas the 
net effective thickness averages about 
685 ft. (The well numbers followed by 
“.2” indicate Second Grubb Pool wells. ) 
The total bulk sand volume of the First 
Grubb Pool was calculated to be 136,- 
600-acre ft. The essential formation 
characteristics are shown in Table I. 


As there was but one rather poor 
analysis of a bottom hole fluid sample 
taken in 1940 at a static pressure of 
2,700 psig, reservoir fluid characteris- 
tics were recalculated. The recalcula- 
tion was based on reservoir perform- 
ance, published papers, and early stage 
separation work. The original saturation 


pressure is estimated to be 3,000 psig _ 


FIG. 1 — TYPICAL LOG. 
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FIG. 2 — TYPICAL SECTIONS. 


at the —5,500 ft field datum and 158°F. 
Subsurface sample data were extrapo- 
lated to these conditions, and a forma- 
tion volume factor. of 1.428 bbl per 
bbl was used to correct reservoir vol- 
umes to stock tank conditions. 

The viscosity of the oil at subsurface 
temperatures of 158° and 3,000 psig 
was 0.92C,. The produced oil gravity 
was 32 degrees API at.60°F. This grav- 
‘ity varies with trap pressure and tem- 
perature. The solution gas-oil ratio was 


calculated to be 890 cu ft per bbl. With — 
the exception of three wells near the ~ 


axis of the structure and considering 
trap pressure, the original produced 
gas-oil ratios verify this figure. 
Average original pressures were cal- 
culated by zones using the water gradi- 
ent through each oil saturated interval 
from top to bottom. This procedure was 
justified due to the fact that water ex- 
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isted at the productive limit of each 
zone. The temperature of each oil satu- 
rated interval was measured by means 
of a recording thermometer. The pres- 
sure and temperature gradients under 
estimated original conditions are shown 
in Fig. 4. 

Original tank oil contained in each 
sand interval was determined by using 
fluid data shown in Table II. Using the 
pore volume, mean temperature and 


pressure (Fig. 4 and Table III), and 


the reservoir fluid characteristics as de- 


termined, the original tank oil in place 


was calculated for each of the eight 
sand intervals. In the remainder of the 


calculations, the reservoir was treated as 
a single producing unit, it being im- 
possible to determine the performance 
of individual zones since all were open 
to a common well bore. 
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RESERVOIR PERFORMANCE 


Production statistics of the pool are 
unusually complete and accurate. Indi- 
vidual well oil, gas, and water measure- 
ments have been recorded since incep- 
tion. These data plus frequent reservoir 
pressure and P.I. surveys make indi- 
vidual well and reservoir performance 
studies more reliable than is often the 
case in a field of this age. ; 


A record of reservoir performance is 
shown by Fig. 5. To illustrate the indi- 
vidual well performance, which is often 
more indicative of true reservoir per- 
formance than is the pool curve, Figs. 
6 and 6a are included. These figures 
show the performance history of indi- 
vidual wells. Correlation of well and 
pool behavior, as to spread of high gas- 
oil ratios, water production, gas-oil 
segregation and gas channeling, with 
the cumulative oil production and gas 
injection map shown by Fig. 7, yields a 
panorama of the extent to which gas-oil 
segregation is achieved. 

Pool performance history is charac- 
terized by effects of concentrated devel- 
opment, localized withdrawal at high 
rates, gas channeling, and gas-oil segre- 
gation. The magnitude of these effects 
is obscured in Fig. 5 by selective well 
production in later years. Recent well 
completions of down-structure wells and 
selective reservoir: control have re- 
sulted in the lowering of pool gas-oil 
ratios as reflected by Figs. 5 and 8. A 
study of individual well behavior in con- 
junction with structural position, pene- 
tration, subsurface pressure characteris- 
tics, P.I., and gas-oil ratio histories dis- 
closes a typical low permeability, solu- 
tion gas drive pool. Water encroach- 
ment in thin, high permeability sands in 
the “I” and “J” intervals and gravity 
drainage are now affecting well and 
reservoir performance. 

While gas-oil ratios vary to some de- 
gree with oil rates in the high-structure 
wells where there exist zones of low 
liquid saturation, this is not believed 
to be the case in the early stages of 
development, nor is it true now in low- 
structure wells where liquid saturation 


is high. 


The declining oil production rates, as 
shown by Fig. 5, reflect the reduction 
imposed by MER adjustments rather 
than the actual decline in producing 
capacity of the wells. This fact is borne 
out by the completion of 20 wells since 
the peak production year, several of 
which had potentials in excess of 1,200 
B/D. 
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FIG. 3 — ISOPACH MAP — G-H AND H-Ha SECTIONS. 


FIG. 3a — ISOPACH MAP — Ha-I AND I-la SECTIONS. 
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FIG. 3b — iSOPACH MAP — la-J AND J-Ja SECTIONS. 


FIG. 3c — ISOPACH MAP — Ja-Jc AND Jc-L SECTIONS. 
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Well No. 7, which initially produced 
9,561 cu ft of gas per bbl of oil. Gas-_ 
oil ratios of both of these wells de- 
clined with dissipation of a small gas 
cap in the thin gas sands located in the 
“Ta” and “J” interval near the axis of 
the structure so that by 1940 the ratios 
of these two wells compared with the 
pool ratio of 1,250 cu ft per bbl. It is 
significant that Grubb. Weli No. 1, while 
produced at rates equivalent to Well No. 
5 had produced approximately 1,530,- 
000 bbl of oil before the gas-oil ratio 
exceeded 1,300 cu ft per bbl. The com- 
parative performance of the two wells 
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Table II 
P.V.T. Data 
Original 4 
MeanuSand Formation 
Interval Volume of 
Sand Saturated Saturation 
Interval Pressure Temp. Oil B/B.S.T.O. GOR 
Ge 2770 149 1.406 830 
H- Ha 2817 iM! 1.410 840 
Ha-I 2875 154 1.416 852 
Suey 2930 ive 1.422 866 
la=J 2985 159 1.427 875 
J-Ja 3042 162 1.433 888 
Ja-Jc 3105 165 1.438 898 
Jc-K 3195 169 1.448 915 
Pool Datum 3000 158 1.428 890 


Throughout 1943, the pool produc- 
tion rate increased with development to 
reach a maximum daily oil rate of 
5,900 bbl. During the period from early 
1944 through 1947, only an average of 
1.3 wells per year were completed in 
the First Grubb Pool. To permit con- 
trol of withdrawal and to develop the 
productive sands that would not be ade- 
quately drained otherwise, the develop- 
ment rate was increased during the pe- 
riod 1947 through 1949 by completion 
of 15 wells. With the completion of four 
additional wells in 1950, development 
will be complete. 

The high production rate of well No. 
5 for approximately 18 months after 
completion created a low-pressure area, 
the effects of which have been erased 
by pressure depletion only in the past 
two years. 

Gravity drainage has been effective 
in maintaining a high oil saturation in 
the down flank wells as evidenced by 
the gas-oil ratio performance of the in- 
dividual wells. The effectiveness has 
been minimized by high up-dip differen- 
tial pressures until very recently. It is 
practically impossible to calculate the 
amount of gravity drainage taking place 
in a field of this type where several 
sand intervals are open to the same well 
bore. A recent 46-day shutdown of the 
field gave strong indication of gravita- 
tional migration of the oil and gas, as 
noted from declines in gas-oil ratios of 
down-structure wells. 


GAS-OIL RATIO 


Initial produced gas-oil ratios (Fig. 
9) were equivalent to the solution ratio 
in those early wells in which the “H” 
marker is located below —4,800 ft ele- 
vation. The variation in value as re- 

_ported is due largely to gas remaining 
in solution at separation pressure. 


The abrupt rice of the pool gas-oil 
ratio during 1936 and 1937 coincides 
with the completion of Grubb Well No. 
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5, which had an initial gas-oil ratio of 
5,900 cu ft per bbl, six times the solu- 
tion ratio of 890, and the completion of 


is shown in Figs. 6 and 6a. Several orig- 
inal small stray gas sands occurred 
above the —4,800 ft contour; and al- 
though the free gas was rapidly dissi- 
pated, wells completed as late as 1941 
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produced free gas, as indicated by the 
initial ratio of Well No. 21. This well’s 
initial ratio of 5,892 cu ft per bbl de- 
clined to near normal by 1943. Well 
No. 8 demonstrated similar characteris- 
tics although located across the 3N 
fault. 


The high initial ratio of Well No. 27 
reflects gas injection in the upper part 
of the “I” to “Ia” interval in Well No. 
3. These wells are not separated by the 
4N fault, as the fault intersects both 
wells above the “H” marker. 


In general, the gas-oil ratio trend 
maps, Figs. 10, 10a, and 10b, illustrate 
effective gas-oil segregation, localized 
- gas channeling, and the effects of high 
withdrawal rates. 


The upward trend of the pool gas- 
oil ratio during the war years reflects 
the effect of heavy withdrawals from 
“structurally high wells which caused 
local areas of low liquid saturation and 
low pressure. Gas injection initiated in 
1940 adversely affected the gas-oil ratio 
due to channeling of the injected gas. 
The reversal of the pool gas-oil ratio 
trend in 1946 was due to the completion 
of low gas-oil ratio wells downstructure 
and shutting in high ratio wells. 


Until excess gas is excluded in the 
“intermediate” and “high” ratio group 
wells, maximum withdrawal should be 
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obtained from the current low ratio and 
newly completed wells. The exclusion 
might be accomplished by selectively 
plugging gas sands or changing injec- 
tion intervals. When this work is suc- 
cessfully completed, all wells will be 
selectively produced. 

Even though gas channeling, perme- 
ability distribution, and method of op- 
eration may affect recovery, it is well 
to remember that the cumulative ratio 
is an index to ultimate recovery, not 
considering gravity drainage. Ratio con- 
trol in a reservoir of this type is diffi- 
cult because of the fluid and reservoir 
characteristics, stage of depletion of 
some sands, and inter-communication 
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between sand intervals within the First 


Grubb Pool. 
GAS INJECTION 


The First Grubb reservoir is primar- 
ily a solution-gas-drive and _ gravity 
drainage type; therefore, operating pro- 
cedure is based on the performance of 
that type of reservoir. A small-scale 
gas-injection project was initiated in 
April, 1940, as a conservation measure 
and to determine the feasibility of aug- 
menting the natural reservoir energy 
and sweeping the oil sands with in- 
jected gas, thereby increasing the ulti- 
mate recovery of oil. The relatively 
small volume of gas injected to date has 
not affected over-all reservoir mechan- 
ics other than to serve as a gas sweep 
through a very limited sand volume. Gas 
channeling has minimized the effective- 
ness of gas injection. The initial gas- 
injection well, Grubb Well No. 3, is lo- 
cated on the north flank of the structure 
in the western part of the field. The in- 
jection intervals were “H” to “Ha,” 
“Ha” to “I,” and “I” to “la,” compris- 
ing about 180 ft of effective oil sand. 
During 1941 and 1942, the daily aver- 
age of 0.450 MMcf of gas was in- 
jected at a well head pressure 3,200 psi. 
This volume was increased to 0.75 
MMcf daily during 1943. By November, 
1943, a total volume of 511 MMcf of 
gas had been injected. At this time gas 
injection in Well No. 3 was discontin- 
ued because of gas channeling evident 
in Grubb Well No. 27. This well was 
completed in September, 1942, offsetting 
the injection well, with an average gas- 
oil ratio of 2,285 cu ft of gas per bbl 
of oil. Considering the low effective per- 
meability of the sands open to produc- 
tion in this well, the low initial produc- 
tivity index, the abnormally high pres- 
sure, and a gas-oil ratio three -times 
solution ratio which increased 600 cu ft 
per bbl within a month, it became evi- 


Table III 
Pressure and P. I. 
Field Datum Well Datum 
-5,500 Weighted Weighted by Number Prod. 
Areally Bulk Vol. in of Wells Index 
Year Surface-Acres Drainage Area in Survey Range 
Original 3,000 3,160 
July, 1938 2,954 2,934 8 1.40-2.25 
June, 1939 2,914 2,890 10 .O7- .76 
December, 1940 2,877 2,808 19 .70-4.16 
December, 1941 2,847 2,759 23 15-3.19 
December, 1942 2,742 2,626 me .13-1.80 
December, 1943 2,966 2,438 29 .04-1.54 
November, 1944 2,323 2,156 30 .14-1.80 
August, 1945. . 2,129 1,939 32 .09-1.14 
September, 1946 1,956 1,783 33 _ 04-1.04 
March, 1947 1,830 1,640 34 .08- .96 
March, 1948 1,745 1,547 38 .08-1.04 
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dent gas injection into Well No. 3 was 
channeling through highly permeable 
streaks and adversely affecting Well No. 
ils 

After again placing Well No. 3 on 
production, a total of 25,565 Mcf gas 
was produced at an average ratio of 
3,909 cu ft per bbl with a pressure 
drawdown of approximately 1,100 psig 
before a normal producing ratio was 
reached. This indicates the very small 
volume of gas that was stored in the 
reservoir in a period of three years. 

Well No. 24 was converted to injec- 
tion in November, 1943. The initial 
daily injection rate was approximately 
1,600 Mcf. Upon addition of compres- 
sors in 1945, the daily rate was in- 
creased to 5,000 Mcf, which rate has 
been maintained. From 1943 until Sep- 
tember, 1946, approximately 2,000,000 
Mcf of gas was injected into Well No. 
24 with the sand interval from “H” 
through “K plus 190” ft open. The high 
permeability, high gas-saturated sands 
from “Ia” to “Jb” were receiving the 
injected gas. The K,/K, relation in 
these’ thin sands resulted in by-passing 
the remaining liquid saturation. A re- 
view of gas-oil ratio and performance 
trends of individual wells led to an at- 
tempt in November, 1946, to inject gas 
selectively into the “K plus 190” ft sand 
interval. The blanks between each sand 
interval were squeezed prior to setting 
a packer in the blank liner opposite the 
“Jc” to “K” shale. After injecting 2,- 
600,000 Mcf of gas in this interval, a 
review of well performance was made 
in order to determine future injection 
policy. The study revealed gas entry 
into two thin permeable streaks within 
the “K” to “L” interval. This gas mi- 
gration is shown on the temperature 
and flow meter survey chart, Fig. 11. 
After a review of these data, the injec- 
tion interval in Well No. 24 was 
changed from the “K” to “L” to the 
“Jb” to “Jc” interval. The “K” to “L” 
interval was plugged with a temporary 
bridge plug. To date this has proved 
an effective means of controlling gas 
channeling within zones. Well Nos. 5, 
6, and 12 and other high-structure wells 
have shown a marked decrease in gas- 
oil ratio. Several flowing wells have re- 
quired artificial lift equipment since 
changing this injection interval. Sub- 
sequent flow meter surveys and tem- 
perature surveys have clearly indicated 
a rapid decrease in gas channeling, and 
the character of these surveys has 
changed appreciably. 


Gas injection has affected all high- 
structure wells above -4,850 ft, Well 
No. 13 at —5,025 ft, and Well Nos. 15 
and 17 at an elevaiian of —5,080 ft. 
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FIG. 6 — P.I., G.O.R., PRESSURE VS. RECOVERY — HIGH GAS-OIL RATIO WELLS. 


Performance trends of significant 
wells, grouped as to gas-oil ratio, are 
shown by Figs. 6 and 6a. The gas-oil 
ratio curves of Well Nos. 9, 10, and 18 
indicate channeling within one to three 
months after injection started in Well 
No. 24. The second change i in Well Nos. 
10 and 18 occurred in September, 1945, 
the month the injection rate was in- 
creased to 5,000 Mcf per day. Well No. 
6 produced 56,000 bbl while Well No. 5 
recovered only 41,000 bbl of oil before 
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gas-oil ratio trends reflected gas in- 
jection. Productivity indices increase 
with a corresponding decrease in gas- 
oil ratio of the high ratio wells. This is 
not true in the low ratio group of wells. 
The low-structure wells are not adverse- 
ly affected by gas injection; therefore 
the gas-oil ratios remained relatively 
low due to gravity segregation and to 
some extent gravity drainage. 


To date about 7,000,000 Mcf of dry 
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FIG. 6a — P.I., G.O.R., PRESSURE VS. RECOVERY — LOW GAS-OIL RATIO WELLS. 


gas has been returned to the First 
Grubb Pool. This represents about 15 
per cent of the wet gas produced. Gas 
injection in the First Grubb Pool was 
never intended solely as a _ pressure 
maintenance project. It was for the 
purpose of gas storage, to prolong the 
flowing life of wells, to determine the 
feasibility of gas sweep to increase oil 
recovery, and to some degree to retard 
pressure decline. This project was suc- 
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cessful only in prolonging flowing life 
of wells and as a guide to future injec- 
tion methods. Selective low-pressure gas 
injection is proposed, which is more 
favorable and more easily controlled in 
a reservoir of this type. 


The total volume of gas injected into 
the First Grubb Pool is by no means 
sufficient to arrive at a conclusive an- 
swer as to what full-scale pressure 
maintenance might have done; however, 
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it is hard to conceive how reservoir per- 
formance and ratio control could have 
been greatly different from that which 
has been experienced by injection in 
Well No. 24. It does not seem feasible 
that high-pressure gas injection into an 
interval of this thickness could be con- 
trolled. There are two definite schools 
of thought as to the type gas injection 
project that is most efficient and eco- 
nomical. Some factors favor injection of 
gas at high pressure, while other fac- 
tors favor injection at low pressure. Un- 
fortunately, there are no general rules 
to follow. Any program is thusly com- 
promised to meet optimum economic 
considerations while still striving to ob- 
tain maximum oil recovery. 

Factors favoring maintenance of high 
pressure are indirect effects on oil char- 
acteristics such as high formation vol- 
ume factors, low viscosity, and low sur- 
face tension by keeping gas in solution 
in oil. Operating benefits at high reser- 
voir pressures include extended flowing 
life of wells, providing gas storage for 
possible use or sale, and preventing 
premature water encroachment. Unfor- 
tunately, gas storage and prevention of 
water entry is not practicable in the 
First Grubb Pool due to the number of 
zones open to a common well bore, and 
permeability profile. For example, if 
the current high gas-oil ratio wells were 
shut in permanently, as would be nec- 
essary under high-pressure injection, 
approximately 82 per cent liquid satu- 
ration would remain in this area, not 
considering gravity drainage. Water en- 
try is confined to possibly two rela- 
tively thin sand zones and will require 
shutting off as the pool is depleted re- 
gardless of pressure. 

Factors favoring injection of gas at 
low pressure are lower compression ra- 
tios and costs, larger displacement vol- 
ume in the reservoir per surface unit of 
gas handled, effective utilization of the 
natural existing energy and agent for 
oil displacement (gas dissolved in oil), 
and greater control of fluid movement 
in the reservoir by selective injection 
and producing well control. 

Since it has been demonstrated that 
oil is recovered primarily due to actual 
displacement by gas, it is necessary 
that the introduction of gas into the 
reservoir be controlled to assure that it 
will flow through the maximum oil- | 
filled pore space. Herein lies an impor- 
tant distinction between the displacing 
ability of gas dissolved in oil in a res- 
ervoir and gas injected through wells. 
Expansion of gas released from solu- 
tion provides energy and a displacing 
agent in each pore in which oil exists; 
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while injected gas, from necessity in Fane i \ TAN eR 
following the line of least resistance, is 
capable of displacing oil from only a 
part of the reservoir before the ratio of 
gas circulation to oil recovery becomes 
economically prohibitive. 
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The part of the First Grubb reservoir 
which can be effectively swept by high- 
pressure gas, a function of permeability 
profile, has been determined by injec- 
tion in Nos. 3 and 24. In keeping with 
the above, maximum recovery and ulti- 
mate economic gain should result from 
the injection of low-pressure gas as a 
sweep of each sand interval which is 
separated from adjacent sands by major 
shales. 


RESERVOIR PRESSURE li 


: 
First pressure observations were made © 
in 1936 and subsequently at six-month 
intervals. The estimated original pres- 
sure of 3,000 psig at —5,500 ft is based aa 
upon maximum recorded well pressures \ 
of 2,895 lb in Well No. 10 in 1939, and Me \ 
2.900 lb original pressure in Well No. N 
14 in 1940. Other factors considered 
were hydrostatic head calculations, ex- 
perience in similar pools of Ventura | 
Avenue, and study of pressure recovery 
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Detailed pressure build-up time stud- | (\-$) 
ies have been made throughout the life | 
of the First Grubb Pool. The time re- 
quired to obtain maximum build-up has 
varied from 12 hours in the early life 
of the field to more than 30 days in a 
recent survey. Some wells were still 
building up at the end of this period. 
A build-up curve should be obtained on 
every well in order to arrive at the rela- 
tive “static pressure” in each well. The 
value of a correlation of pressure, aver- 
age production rate for a period prior 
to the survey, and shut-in time in a low 
permeability reservoir of this type can- 
not be overemphasized. 


FIG. 7 — CUMULATIVE OIL RECOVERY AND GAS INJECTION — JULY 1, 


From detailed study of the pressure 
history of this pool and its application 
to reservoir performance and material 
balance calculations, it was determined 
that two pressure values should be de- 
termined. 


(1) For comparative well and reser- 
voir performance studies to observe the 
effect of selective withdrawal, injection, 
or change in operating practices, the 
field datum (-5,500 ft) pressure is de- 
sirable. These values are shown on Figs. 
- 12 through 12c and the weighted aver- 

age value in Table III. The pool 

weighted average pressure is deter- 
mined by planimetering areas between 
isobaric lines within the estimated pro- 
ductive limit of the pool. 
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FIG. 8 — COMPARATIVE RESERVOIR PERFORMANCE. 


(2) The true mean reservoir pres 
sure is the fluid pressure at the mean 
depth in a whole interval, under condi- 
tions-of static equilibrium. It is im- 
practical or impossible to determine 
fluid distribution under static equilib- 
rium conditions in the reservoir rock 
surrounding each well. Thus, a fluid 
gradient correction for the oil, water 
and gas (if gas cap exists) within the 
drainage area of the well bore is ap- 
plied to the measured mean well datum 
pressure to determine the true mean 
pressure in the theoretical drainage 
area of each well. This corrected pres- 
sure is then multiplied by the net ef- 
fective sand bulk volume within the 
wells’ drainage area. The sum of these 
values, (pressure x net acre-ft) is then 
divided by the total pool acre-ft to ar- 
rive at the volumetrically weighted 
mean reservoir pressure. This procedure 
was also followed in determining the 
pressure of the crestal, intermediate, 
and low structure wells (as grouped in 
Table IV) and in turn relative oil and 
gas saturation. The mean formation 
pressure so calculated is shown in 


Table III. 


Reservoir pressure decline to date is 
a direct function of net fluid with- 
drawal. Although masked by high gas- 
oil ratios and oil production rates since 
1942, water influx has had a small ef- 
fect on retarding rate of pressure de- 
cline. Since the volume and rate of 
water encroachment are relatively small 
as compared to total fluid withdrawal, 
it is doubtful that water will influence 
pool performance to any great extent 
until the pool nears depletion. 


WELL INTERFERENCE 


In spite of the heterogeneity of the 
producing sand, lamination of sand and 
shales, and faulting, there is communi- 
cation between wells, as evidenced by 
channeling of injected gas between off- 
set wells. The flowing characteristics of 
Well Nos. 9, 10, 13, and +18 are also 
affected by changes in production rates 
of nearby wells. 

Gas-oil ratio and pressure map: 
clearly illustrate this condition. Inter- 
ference between wells other than the 
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above-mentioned is difficult to detect 
during the relatively short test periods 
involving comparatively small volumet- 
ric withdrawals. 


Well No. 11 offers an excellent ex- 
ample of the detrimental effect of poor 
mud on productivity. After an initial 
clean-up period, the productivity index 
in August, 1939, was found to be 0.76 
B/D per psi. This is an abnormally low 
value for a south flank well, as shown 
on Fig. 7a. The well reached its peak 
productivity of 1.2 B/D per psi after 
having produced 126,000 bbl. This 
characteristic is apparent in a number 
of the early water base mud comple- 
tions. 


WATER PRODUCTION 


Water production during the early 
life of the field was of relatively minor 
importance. Subsequent to 1939, when 
several wells were drilled along the 
southern flank of the central and west- 
ern part of structure, water encroach- 
ment through highly permeable parts 
of the “Ia” to “J” and “J” to “Ja” in- 
tervals was found to be sufficient to 
warrant expense of shut-off operations. 
The water front is moving along the 
4S fault in a northeasterly direction. 
The front has reached as far into the 
field as Well No. 13 where the water 
cut increased twenty-fold since 1942. 
Further downstructure, in Well No. 19, 
the water cut has increased from 32 
per cent in 1942 to 68 per cent in 1949. 
Total water production from the First 
Grubb Pool amounts to 1.3 million bbl. 
Five wells account for 70 per cent of 
the total pool water production of 370 
B/D. Control of water entry has been 
difficult and expensive because of the 
long sections of slotted liner separated 
by 30 to 60 ft blanks set opposite 
shales. Water entry can be located and 
shut off but only at the expense of seal- 
ing off oil-productive sands of low per- 
meability. 


Table IV 


Reservoir pressure maps, Figs. 12 Summary of Recovery Factors 


through 12e, reflect concentrated with- 


drawal along the southeasterly prop- Cum. Prod. B/Ac. B/Lb. 
erty line and subsequent pressure equal- Bbl. Acres Ac. Ft. B/ Ac. Ft. Drop 
Pas ES ee ogee GOR above 10,000 954,865 10.6 7,995 90,081 119 “528 
withdrawals were taken more ratably. 
P ; b 72,154 103 3,929 
The low average permeability and per- COR 5,000 to 10,000 6,151,811 85.26 59.738 
meability distribution of the north flank GOR below 5,000 7,324,234 159.94 83,253 : 45,794 88 95,093 
is evident by slow equalization and Structural Elev. 
variation in pressure of offset wells. at top of “H” — : 
Although faults are a pressure barrier = above —4,800 1,603,234 38.18 21,460 41,990 75 851 
between individual sand intervals, from —_4.800 to 5,000 5,700,309 97.84 71,734 58,261 19-= a 
% Rais Snape re donot al: ~ _5 000 to. —5,500 7,041,647 112.49 54,928 62,598 128 4,596 
. ter or affect pressure periormance in a 1.230 18 688 
g pool where all zones are open to a com- North Flank 1,050,531 93.54 57,712 LH; 4 
ae teat bare: South Flank 13,445,045 169.37 98,516 90,617 136 8,022 
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PRODUCTIVITY INDEX 


A study of Fig. 13, Initial Produc- 
tivity Index Map, reveals the uniform 
low permeability of the north flank and 
westerly area of the First Grubb Pool. 
Productivity indices of the recently 
completed south flank wells range from 
1.7 to 2.1 B/D per lb per square in. 
pressure drop. The indicated potential 
of two of these wells was in excess of 
1,000 B/D. This fact is significant in 
view of the stage of depletion of the 
reservoir, limited interval open and 
pressure decline to approximately 60 
per cent of the estimated original well 
datum pressure. 

The productivity index history of the 
high ratio wells, Fig. 6, reflects declin- 
ing productivity indices with increasing 
gas-oil ratios. As the peak ratio is 
passed, the productivity index increases 
or its rate of decline is arrested. This 
characteristic may reflect relative satu- 
ration of oil and gas in a zone or zones 
not affected by gas channeling. As a 
rule, the rate of productivity index de- 
cline is directly proportional to perme- 
ability to oil and in turn structural 
position. 


SPACING AND RECOVERIES 


The spacing density of the First 
Grubb Pool was originally 10 acres per 
well. The density was based on such 
considerations as an average net sand 
thickness of 685 ft, relatively low per- 
meability, topography, and other fac- 
tors. As development proceeded, aver- 
age density was increased to 6.5 acres 
per well. Present well density of the 
developed acreage ranges from 2.54 to 
approximately 8 acres per well. 

Recoveries to date range from an 
average of 18 bbl per acre-ft on the 
north flank to an average of 136 bbl 
per acre-ft on the south flank. The re- 
covery factors as shown by Table IV 
are grouped to illustrate stage of deple- 
tion, gravity drainage, and gas-oil segre- 
gation by gas-oil ratio brackets, struc- 
tural elevation, and flank of the struc- 
ture. The north flank low recovery re- 
flects low permeability and productivity 
indexes of less than one-half of those 
on the south flank. The greater bbl per 
acre-ft recovery of the high gas-oil ratio 
group reflects stage of depletion and 
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gas-oil segregation. This is further evi- 
denced by the low recovery efficiency 
index of 52 bbl per lb drop for the 
area above 10,000 GOR as compared to 
5,093 bbl from the low ratio group. 

The recovery in terms of bbl per acre- 
ft and recovery index of bbl per lb drop 
of the low structure wells indicate ef- 
fect of gravity segregation and drain- 
age. This effect should become even 
more pronounced as the downstructure 
pressures are dissipated. Until recently, 
the low pressure area on the crest of 
the structure caused a pressure differ- 
ential greater than gravity head, thus a 
tendency to flow oil up-dip. For this 
reason, gravity drainage in a part of 
the reservoir has been negligible. 


As of August, 1948, the discovery 
well was pumping 27 B/D oil with a 
cut of 75 per cent after a cumulative 
recovery of 1,730,000 bbl. At that time 
it was whipstocked some 270 ft upstruc- 
ture and recompleted in the “K to L” 
interval of the First Grubb zone, for 
an oil potential of 100 B/D. It is esti- 
mated that the ultimate recovery from 
this well will be nearly 2,000,000 bbl at 
the time of abandonment. Several wells 
have recovered nearly a million bbl. 
Pool cumulative recovery is 15,600,000 
bbl. 


CONCLUSIONS 


The San Miguelito-First Grubb Pool 
has produced 15,500,000 bbl of oil, 45 
billion cu ft of gas and one-third mil- 
lion bbl of water. Although there is 
evidence of a partial water drive in 
some sands within the First Grubb zone 
from the southern flank of the structure, 
the current rate of water encroachment 
is of such small magnitude that it does 
not affect the behavior of the solution- 
gas-drive reservoir. Material balance 
calculations have shown that water con- 
tiguous to this reservoir has been in- 
effective in maintaining pressure. The 
relatively small volume of gas injected 
in the crest of the structure has had 
no material effect on ultimate recovery. 
Gas injection has had an adverse effect 
on offset wells as a result of gas chan- 
neling. Past reservoir performance his- 
tory under high pressure gas injection 
should not be construed as being indica- 
tive of the results to be obtained under 
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future selectively controlled low-pres- 
sure gas injection. 

Reservoir performance to date re- 
flects gas channeling, effective gas-oil 
segregation, and effects of high with- 
drawal rates in a reservoir of relatively 
low permeability. 

Faults, lamination of sands and 
shales, and heterogeneity of the produc- 
ing sands affect the pressure and gas- 
oil ratio distribution within the First 
Grubb reservoirs; however, faults are 
not pressure barriers, with the possible 
exception of the one in the vicinity of 
Well Noro. os 

The importance of determining true 
reservoir pressures in a steeply dipping 
high relief California type pool cannot 
be overemphasized. There is a 500-lb 
pressure differential between the top 
and bottom of the First Grubb zone. 
Volumetrically weighted mean well 
datum pressures have proved to be 
more accurate for reservoir mechanics 
calculations. Due to the time required 
for this method of pressure analysis, it 
is often desirable to determine a mean 
formation datum pressure, as is the cus- 
tom, which is satisfactory for use in 
well comparisons and selective with- 
drawal control. 
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ABSTRACT 


An experimental investigation was 
conducted upon five different paired 
samples of oil and gas from a field in 
Louisiana. The study, with each pair 
of samples, included the measurement 
of the formation volume and the volume 
of the liquid phase for three mixtures of 
the oil and gas. The gas-oil ratio varied 
from approximately 200 to over 40,000 
cu ft per bbl and measurements were 
made at temperatures between 40° and 
250°F. The gravity of the tank oil for 
the five samples under investigation 


varied between 38.0° and 55.8° API. 


The composition of the oil and gas 
samples and their mixtures is submitted 


1References given at end of paper. 


Manuscript received at the office of the Pe- 
troleum Branch February 21, 1950. 


in tabular form. A number of diagrams 
depicting the effect of temperature and 
gas-oil ratio upon retrograde dew-point 
pressure are presented. 


INTRODUCTION 


During the past two decades a fairly 
large number of investigations were 
made of the volumetric behavior of nat- 
urally occurring hydrocarbon mixtures. 
The earlier work of Beecher and Park- 
hurst’ and a more recent report on sam- 
ples from Dominguez Field’ are typical 
of research of this nature. Such studies 
have been used in estimating the volu- 
metric behavior of fluids in producing 
fields other than those from which sam- 
ples were taken. Progress has been 
made*”’” in correlating the influence of 
pressure, temperature, and composition 
upon the specific and formation yolume 


of hydrocarbon mixtures of relatively 
low gas-oil ratios, but attempts to ex- 
tend this correlation to higher ratios 
have not been particularly successful. 
The influence of composition upon the 
volumetric behavior of such systems 
cannot be simply related to a single 
parameter such as gas-oil ratio. In or- 
der to aid in the extension of the corre- 
lation of the volumetric behavior of 
mixtures of oil and gas to higher ratios, 
a rather complete study was made of 
five different pairs of samples from a 
Louisiana field. The complexity of the 
influence of composition upon the volu- 
metric and phase behavior of such sys- 
tems in the regions of retrograde con- 
densation was indicated by earlier 
work,”"*” and it is doubtful if simple 
correlations can be established in these 
regions with the information currently 
available. The terminology employed in 
this paper is identical to that utilized 
earlier.” 
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Table I 


Composition of Trap Samples 


MATERIALS 


The samples of oil and gas from each 
of several surface primary separators 
were obtained and forwarded to this 
laboratory in appropriate pressure ves- 


SYSTEM—A 


| 
| Gas | Liquid sels. Subsamples were withdrawn from 
Component | yilole Weight pMole Weight each of the pressure vessels containing 
Traction _ Fraction raction Fraction liqui - 
= =. ~ Rs Laer iquid phase samples by appropriate 
Mathane Ma scasescssances | 0.94204 0.8582 0.1110 0.0163 i involvi 
LOLLY te an ae eee ieee ae 0.02820 0.0482 0.0214 0.0059 displacement procedures involving the 
Propane............ ees 0.01303 0.0326 0.0353 0.0142 use of ethylene glycol. These subsam- 
BObubAnG eset ae | 0.00433 | 0.0143 0.0252 0.0133 ] ; dried b h I 
n-Butane eee hee ) 0.00303 0.0100 ee iiss ples were dried by passage through 
Bopentane so. 62 55.. Sey ; 0.0063 0.057: 0.0379 i i 
Sp ee pee 0.08 Bee 037 chambers packed with granular calcium 
Hexnndtaiis soso. ecc 0.00129 0.0063 0.0875 0.0689 chloride. The samples of the trap gas 
Heptanes<. sa. 9.,.ce ae 0.00070 0.0040 0.1274 0.1166 rithd m f h . a 
oe Hesse 0.00400 0.0100 0 0042 0.0017 were withdrawn trom the primary gas 
ctanes ani + 7 
heavier ase. Gtk | 0.000942 0.0064 0.5006! 0.7094 comes ee easels sen bee 
! ’ See sae maintained at a temperature in excess 
of 250°F for several hours. This proce- 
eee dure was followed in order to avoid the 
on eee pee et : iam possibility of the partial condensation 
ueteae ai 5 een O:9150 | 0.8096 | 0.0334 0.0027 of ses of as gas in the orig- 
RO ct ae eee .0379 0.0628 0.0113 0.0017 inal container. m 
Berane sete os] 0.0197 0.0479 00188 hae e he subsa ples were 
Isobutane Ci ee 0.0050 0.0160 0.0118 0.0034 forwarded to an industrial laboratory 
mesButanesesee2 6 <a 0046 0.0147 0.0141 0.0041 “SC : 
Isopentane ie | Ete et Hea Heres ae fe composition of the Hee liq- 
n-Pentane.-...... 22.72... -] 0.0010 0.0040 0.0135 0.0048 uid and tra as was determined by 
Plexanieste te 0.0013 0.0062 0.0385 0.0166 pee : de ee 
a Se a On 0.0005 0.0028 0.0765 0.0383 appropriate fractionation analysis. 
ctanes an . 
eaviceie sit 0.0002» 0.0014 0.706% 0.9201 The results of these analytical meas- 
ee me Bee 0.0080 o ae urements are reported in terms of both 
: 33 =e Sek ieee mole and weight fractions. The latter 
variable is included because of uncer- 
SYSTEM—C tainties as to the molecular weight of 
z Sees ee the octanes-and heavier fractions of the 
Methane. <2... ..sss0+-. 0.9184 0.8134 0.1149 0.0159 trap liquid and trap gas samples. In 
fianeeee ss oe 0.0378 0.0627 0.0347 0.0090 aks 
Pinang ss ee 0.0148 0.0360 0.0349 0.0133 the case of the trap liquid samples, the 
Isobutane: > Ey roe rte ales ee eal rae molecular weight of the octanes and 
Se 2S 46 | SAS ae Seats as 5 y 3 i O12 . . 
isopentane Be ee | 00028 00112 0.0266 0.0166 heavier hydrocarbons was obtained from 
=P entane ..oio ue ye <u ss 0.0010 0.0040 0.0202 0.0126 = | 
Haxinca ae eee 0.0010 0.0048 0.0802 0.0597 the freezing point of benzene. 
Oa al aE 0.0008- ) 0.0044 0.1412 0.1292 
ctanes and 
heavierso. seep osc 0.0005¢ | 0.0035 0.50354 0.7287 PROCEDURES 
0.0070 | 0.0170 es gt 
0.005 TES ate ae ee ; : ‘ 
| The equipment used in this study” 
and the techniques employed in the de- 
ene termination of the quantity of each of 
Rate the phases have already been presented 
] | : ° 10,12,13 5 
ee | near | Aeriaa aun in the literature. For this reason. 
baa ae | we beer it is not necessary to review in detail 
0.0034 | 0.0111 0.0160 0.0081 the laboratory approach to this investi- 
0.0032 0.0104 0.0267 0.0134 : +e : : 
AEE | 0 0085 ae ee gation. In principle, it consisted of 
0.0007 ee re ee introducing appropriate quantities of 
00007 0.0039 0.1317 0.1142 the trap liquid into a closed vessel in 
Ravine oe 0.00024 | 0.0014 e sor i, which the sample was confined over 
Carbon Dioxide......<....- 0.0080 | 0.0198 aes Baskeke mercury. The quantity of this hydro- 
| Z ~ - carbon sample was established from vol- 
es umetric measurements carried out upon 
SYSTEM—E a trap liquid sample of known weight. 
ne SG SAS a The weight of trap gas was established 
re | Be Heer | bepee by direct gravimetric techniques mak- 
a 0.0089 | 0.0229 aus | oo ing use of weighing bombs.” The total 
pian | 00102 0.022 | 0 0134 volume of the mixture of trap liquid 
0.0013 | 0.0055 0.0231 0.0169 and trap gas was determined as a func- 
0.0008 0.0034 0.0221 0.0162 5 : 
0.0014 | 0.0070 . 0.0876 . 0.0765 tion of pressure for a series of temper- 
oe spk: | a ; atures. In addition, the total volume of 
heavier -—:0.0004° 0.0029 | 0.497 . 0.6708 the liquid phase was established 
Carbon Dioxide.........:.. ia 0.0010 0.0026 . 0.0005 0.0002 ea P 


| | throughout the greater part of the het- 
é af weight ofalens volatile Bionta? erogeneous region. This information 
; & 125 e. 125 was obtained by the direct measurement 


125 . : 
Average toleulas weight as determined from Boa -point lowering of benzene: of the relative elevation of the mercury- 
2 Bs 3 e cae = hydrocarbon and the hydrocarbon lig- 
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uid-gas interfaces. The details of this Table II 
method have been described.” These ; i Se 
measurements were carried out at tem- Properties of Octanes and Heavier — Portion of Trap Liquid Sample 


peratures between 40° and 320°F. In 


; x se p | 
all cases at least three different temper- | System-A | System-B | System-C System-D | System-E 
re investigated and in some — - Se - = 
gee oe cre ANESES : Specific Gravity CAPI 60°F, atmospheric pressure | 47.5 ; 35.4 ts 43.8 pee fo ponene 
cases aS Many as five were studied. Specific Volume 60°F, atmospheric pressure. ..... 0.020276 | 0.018917 0.01987 ied es é 
3 Average molecular weight....................-- 155.2 238.9 167.6 : ‘ 
Experimental data were obtained for Kinematic viscosity: centistokes ste 
a : ‘. 5 1 (TASS (MN | aT) (5 15 1:0 LE edi Fae en Aa | FAS, lee AOE Ie) CR 
a series of different gas-oil ratios for 100°R | 1/2779 MAO eee te lene cnr alsen Sey 
of trap liquid and Viscosity gravity factor..................... OLS0805 |) eens ee eee [eerie ee wee N eee de 
each set of samples of trap liquid an s gravity | 


trap gas. An effort was made to use as ¥ teas lak (SG oF Pope RL hese 
nearly identical methods as possible in 
the studies of each set of samples. Some 
minor changes in procedure were re- 
quired but it is not believed that these 


SYSTEM—A 
variations significantly influenced the pose cu 2 od Eee 2 


ie rote 3 Se ee ee iscosity iling 
results. mo aot Wn pa cuere er Ghia ae Range Weight’ 
No. 60° /60°R 77°F 100°F Factor F Fraction 
é zs 
DESCRIPTION OF SAMPLES 0.7499 | 0.7305 0.6430 eB ae he 0.08790 
Five sets of corresponding samples of : een | Oey a abe oe tend eee 
trap liquid and trap gas were obtained 5 | 0.7756 ee 1.0514 ee See 0 07002 
_ from the field and are identified in this ane oe els 2 8759 Misa seal eee 0.29558 
text by the letters 4 to EF inclusive. The 4 ~ 
composition of the trap liquid and trap 
gas for each set is prezented in Table I. 
The weight and mole fractions of the 
lighter hydrocarbons were tabulated sys 
with similar information for each of the z ere ; ee = 
fractions making up the octanes and ; | 0.7682 | 9.806 0.796 | 0. 805 | 240-340 0.0833 
heavier portion of the trap liquid sam- Z pees | Lote a Raseg aye | tipaae 0.0879 
ples. In the footnotes to Table trate Residue | ONS7Sb ee oe BB5e05 (ee O13 0.829 | 484... 0.6634 
tention is called to additions or varia- ! - 2 
tions in the tabular information for the 
several sets of trap samples. 
The physical properties of the octanes 
and heavier portion of the five trap SYSTEM—C 
liquid samples are presented in Table = | 
II. These data are supplemented by 1 | 0.7684 | 0.729 0.636 Es Slit oe | fee 
ro limited information concerning 3 | 0.7798 | 0.077 O°831 | 0.8160 | san 3 0.0704 
fhe-chay rare 3 5 4 0.7884 | 1.299 1.075 | 0.8148 | 347-392 : 
Dg Hace fee See eee vase | eae | OU 
tionation of the octanes-and-heavier por- se ee | aes oe eee ait 
tions at reduced pressures. As an added 
_ characterization, the viscosity - gravity 
factor” was computed for each of the 
fractions as well as for the octanes-and- 
heavier parts of the trap liquid samples PSL eME D 
as a whole. It is believed that the in- : | 
ee aetait | hae | ee eee | oe | ee a 
permits a fairly complete evaluation of 3 ome | 09130787 0.5208 | ee oe 
the quantities of the lighter hydrocar- ; 07088 | 1663 1361 08161 370-198 | 0072! 
ee a ee | ee 
sample investigated and gives at least a 
rough indication of the principal char- : 
acteristics of the octanes-and-heavier 
a hydrocarbons making up these samples. 
es Since the data submitted for each of 
the corresponding sets of samples are : SYSTEM—E 
similar, a direct comparison of the char- 
acteristics may be obtained. . 2 0.7536 0.807 0.700 mee 276-288 0.0645 
The relative quantities of the lighter 4 0 | 0:foee 0.002 0.822 0.8082 304-321 0.0858 
ydrocarbons in the liquid phase recov- 5 0.7758 1.097 0.923 pe060 pei aees ae 
ered from the stock tank for each of : 0:7930 16101315 0.8120 376-412 0-008 
ihe ae Sees ae ene Resid 0.8204 1968 3 tl 0.8100 ree 0.113 


o ing trap samples and tank oil have been * Based upon the entire trap liquid sample. 
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Table III 


Composition of Tank Oil 


SYSTEM—A 
| 
; | Mole Weight 
Component Fraction Fraction 
Methane sat tcote mains ants Re ees | 
Pasar Sa ed ST cee ee ea eM | ot Sean ee eemenie SL oa Te 
FODANG Mote seu he Se eR ab i aes = | 0.01461 0.00500 
| 
ISODUUAMER esctas enol bn es eee ee sass | 0.01986 0.00895 
Nab utara a ste cae ein Meise Ree | 0.02585 0.01165 
Rentan esta ste ats neces at ea ee eek tal | 0.06235 0.03488 
JAS OT CUG Sera ech Ae oe, cca He Sa eae 0.09830 0.06568 
Heptanes........ Rigrapeeepeae ey A cE Sah | 0.14919 0.11591 
Octanesand heavier... 9). Gest ces. os 0.62984 0.75793 
SYSTEM—B4 
Wot a omemerete kent at nt ine Steet she aul nares teeta oe li el ani Re eee 
LEXMTETTOS: Sethe ca esa e eo ne ae PO | ae Ne Oe ee | gees 
EE OD AN Core Meen eee Peta renters i yar neat ete: 0.0161 | 0.0034 
PSODULATO NEEM es Rata tee let ets eae 0.0099 | 0.0027 
RS BULANe Meas Om mitt poet ons cheer ee nee 0.0125 | 0.0034 
HSOpentanerr sma. reset uke Lee 0.0112 0.0038 
ETS) SCE ONI a se i ER Bi 2 0.0133 0.0046 
PROXATION SAC Sop nee Sete eae 0.0347 0.0142 
Heptanes........ Losi area see ES ered ne 0.0812 0.0386 
Octanesand heavier sce... 00s. cee cede ook 0.8211 0.9293 
SYSTEM—Cb 
IML SMDE ROS a GS SEY Cy cal aie Ge Sp cia clo prec OTS el Nia: peer camel Panerai alate aang een 
PthanGaty eet a bes ee pee eck: etoakr tare SR cy ect eh Capt tea el (Sie Dah tne ae anne 
ELODAD OM essen tee een ete o | 0.0144 0.0046 
ESODUtane-c ee hve tors, Se cote br. aes hse va fa 0.0123 0.0051 
DD UbAte dt eeeosics Mom ee os kas ere Set enone 0.0248 | 0.0103 
Nsopentane see ost ee Pe nn te | 0.0422 0.0218 
Me Pentaner eerie tree er ak eerie t, PAL eke | 0.0127 0.0065 
Hexanes) 35 2c. “ihe, SRA ey ceo } 0.0826 0.0510 
Heptanes ia oS: hiee ann els Rr Meme ate Eek | 0.1499 0.1075 
Wetanes andsheaviers-ves tc os. td eee ats 0.6611 0.7932 
SYSTEM—D¢ 
‘AFREVA NE WANG 0 thao aclanh hg aie Sete Benes ate ae ie, EO etic Sat Tie Aaa 6 Mt) cana a ee 
LOVEE aeons ne Re ee PUG a NLA Sea Os | Pe aD 8g a Oi a5 ORL Sn nn (ec Sr ge se 
MODAN OMe ices ils vas a ie ke ee ee dre 0.0208 0.0067 
NSODUbAME Mette eee era be ers a ose Sx 0.0168 s 0.0071 
MI ULEAT Cheeta ee iit haa. re Ace ancl accion acerds 0.0254 0.0108 
HSopentaHne s tacn cada me eerste epee Oe 0.0338 0.0178 
Ne Pentanerernrap eee er iis eset hale pats 0.0259 0.0136 
ALCAN CS lea eee ieee ede nea 0.0823 0.0517 
ELD tates te. cco seraeoe oth ote ors a) cae choke = Gan ca 0.1596 0.1167 
Octanes and heavier..i......-. e000. see eee 0.6354 0.7756 
SYSTEM—E4 
AX 0.0092 0.0013 
NOE GSS ie Dg eo Oa a te 0.0013 
LDMOS: seca ket niiemre ire Cha hob Mime cnt AiGaee 
rapa ne apres nr ae gt anemeela 0.0158 : ¥ 
0.0118 0.0060 
HSObULATOra Rieti ont ne ana Renee Reese Abate 
NSIS IREN TCL oe GS Ree oar nate ad ea 0.0228 tee 
As opentamernrcsch yon eritesmteateaminy gh uarsc tos .arhm ane 0.0258 016 
0.0159 
fe bentanernten tics eeeeeiete toate ass 0.0250 ees 
TRIS ON ciae Re pie eae Sl Ree ee a ro Tes 0.1026 E 
Pe es co Sad Seared Roh ho Be 0.1877 0.1659 
Heptanes........ Sree 0.6074 
Octanes and-heavier..........0..5000ee seen eee 0.5944 : 


Gravities of the tank cil at 60°F. 
0° API 


a. 38. 

b. 49.5° API 
c. 49.4° API 
d. .55.8° API 
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used to determine the relationship of 
the gas-oil ratio to the composition of 
the mixture. The methods whereby this 


was accomplished have already been 
described.” 


EXPERIMENTAL RESULTS 


The compressibility factors of trap 
gas sample A are shown in Table IV. 
The behavior of this multicomponent 
hydrocarbon mixture is similar to that 
reported in earlier investigations.” The 
information submitted forms additional 
confirmation of the possibility of pre- 
dicting within reasonable limits the vol- 
umetric behavior of natural gas.°” 


The composition of the experimen- 
tally studied mixtures for each of the 
several sets of samples is recorded in 
Table V. The corresponding values of 
the gas-oil ratio as well as the weight 
and mole fraction of the principal com- 
ponents are included in this tabulation. 
The methods employed in arriving at 
the several derived quantities presented 
in Table V have already been de- 
scribed.” The results of the experi- 
mental investigation of the five sets of 
mixtures are available.* A sample of 
these data for System 4 at 40°F is 
shown in Table VI. In each table, the 
specific volume, the volume of the liq- 
uid phase per unit weight of mixture, 
and the formation volume are recorded 
for a series of even valued pressures 
for each of the temperatures studied. 


The qualitative significance of the 
results is already available in the liter- 
ature ™*”* and for this reason only a 
limited number of figures pertaining to 
the volumetric behavior are included 
in this text. In Fig. 1 for System C is 
presented the product of the pressure 
and the specific volume for a mixture 
containing 0.6912 weight fraction trap 
gas. As a matter of interest the locus of 
the retrograde dew-point state has been 
indicated. No significant discontinuity 
in the relationship of the first derivative 
of the product of the pressure and vol- 
ume with respect to pressure is discern- 
ible at dew point. Fig. 2 portrays the 
variation in the volume of the liquid 
phase per unit weight of mixture as a 
function of pressure for the same sys- 
tem. The nearly linear decrease in the 
volume of the liquid phase with in- 
crease in pressure for states at pres- 
sures above 4,500 psi is characteristic 


_ of materials of this type. 


In Fig. 3 the variation of the retro- 
erade dew-point pressure with gas-oil 
ratio is shown for System C. Similar in- 
formation is presented in Fig. 4 for 
System E. In both of these cases an iso- 
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thermal increase in gas-oil ratio causes 
a decrease in the retrograde dew-point 
pressure. The influence of temperature 


Table IV 
Compressibility Factors for Trap Gas Sample 


VOLUMETRIC BEHAVIOR OF OIL AND GAS FROM A LOUISIANA FIELD | 


upon the retrograde dew-point pressure 
for System E for several different gas- Pee : ce ee ees 
oil ratios is indicated in Fig. 5. An in- Pear 40°F. : 
crease in temperature results in a de- : sare F Good z aie Ser 
crease in the retrograde dew-point pres- 200 09563 0.9693 0.9808 0.9853 
sure for both Systems C and E. A some- Fie ee Pause 00458 09590 
what different behavior is presented in 5800 0.8344 0.8035 oe ee! 
Fig. 6 for System A. In this instance 1250 0.7540 0.8495 0.9035 0.9282 
an increase in gas-oil ratio is asso- 1750 0.0985 0.8158 0.8844 0.9143 
ciated with an increase in the retro- 2000 0.6864 0.8060 0.8788 pate 
grade dew-point pressure but this effect aon 0.6882 0.8002 08750 0.9089 
is less pronounced at the higher tem- ie ae Meee ae 0.9155 
peratures. Fig. 7 shows that the retro- 8250 0.7333 0.8228 0.8888 ene 
grade dew-point pressure for System A 3750 0.7784 0.8531 0.9096 0.9390 
reaches a maximum at temperatures be- ees Here Bicue ae Robe 
tween 120° and 150°F for gas-oil ratios 4500 0.8565 0.9114 0.9533 oe 
between 42,000 and 24,000. This indi- rae Gaus aces noise 1 O35 
cates a somewhat more complex behav- 
ior than was encountered for the other 
mixtures. 

The formation volume at retrograde 
dew-point is depicted as a function of 
gas-oil ratio in Fig. 8 for 100°F. In this 
instance there is a similarity in the Table VI 
behavior of the several systems investi- Sample 


gated. In each case an increase in gas- 
oil ratio resulted in an increase in for- 
mation volumes at retrograde dew-point. 


Volumetric Behavior of Experimentally Studied Mixtures 


SYSTEM—A 


Weight Fraction Trap Gas = 0.7972 
Gas-Oil Ratio = 24,312 


Similar behavior was found at the high- 
er temperatures. 


No simple relationship of retrograde 


dew-point pressure to the properties of icine Specific Liquid 
tank oil appears to exist for this system ae Co rob. - oe yoaeon 
as was the case for another investiga- 
tion” of a similar nature. With the ex- 40°F 
ception of System B all of the forma- 
tion volumes in the heterogeneous re- (4494)a 
gion can be related to the prevailing eas Cees ree ta ao 
gas-oil ratio, temperature, and pressure a EEN ee ee ee re 
by the following expression: 600 0.3563 0.00502 89.67 
800 0.2552 0.00542 64.23 
ArT 1280 0.1509 0.00503 37.98 
ee : “98 
v= op te eaten Ok) 1500 0.1219 0.00597 30.67 
Ih 1750 0.1020 0.00586 25.67 
2000 0.08803 0.00562 22.15 
The values of the coefficient 4 are pre- 
sented as a function of temperature and 
pressure in Table VII. It is apparent 
that there is but little variation in this 
constant with change in pressure and 
temperature. Equation 1 should not be 
employed at gas-oil ratios below 5 Mcf Table VII 
per bbl since large discrepancies are Values of Coefficient 
encountered at the lower gas-oil ratios. 
The data for System D which were lim- Ax10° 
ited to gas-oil ratios below 1,500 cu ft 
per bbl were not employed in the estab- Prasans 
lishment of the coefficients of Table PSIA 402 100° 160° 220° 250°b 
VII. These coefficients apply only to 600 4.45 4.75 4.90 5.03 5.08 
systems of the same general type as ion ea ee ane 4.98 5.00 
have been studied here. However, their 2000 3.59 4.16 ri 1°80 4°30 
magnitude is similar to such coefficients 4000 rats 155 433 Soi 4.93 
found earlier.” The ability to obtain a om es 4.99 5.11 5.30 338 


simple correlation over a wide range of 
gas-oil ratios, temperatures, and _pres- 
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a Based on data for System A only. 
b Based on data for Systems C and D. 
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sures for the four systems investigated 
indicates a similarity in behavior. The 
average deviation of the values of the 
coefficient A for the several systems at 
a given pressure and temperature was 
0.057. The maximum deviation encoun- 
tered was 0.13 at 5,000 psi at 100°F for 
System A. 
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AND GAS CO., TULSA, OKLAHOMA, JUNIOR MEMBER AIME 


ABSTRACT 


The various theories as to the well spacing-recovery rela- 
tionship are reviewed in considerable detail and these theories 
analyzed in terms of their consistency with modern reservoir 
engineering concepts. It is concluded that the well spacing 
problem must be analyzed in terms of recovery efficiency and 
that a positive answer to the relation between well density and 
recovery efficiency is not available from direct comparisons of 
the production histories of wells and fields. 


The results of an engineering analysis designed to permit 
approximate calculation of recovery efficiencies as a function 
of well spacing in a depletion type reservoir from basic reser- 
voir data is presented. Results of this type analysis indicate 
that the effect of well spacing on recovery efficiency in deple- 
tion type reservoirs can be expected to be very small. Limita- 
tions of this approach are pointed out, particularly with 
respect to its application in lenticular reservoirs. 


Testing techniques are outlined which should indicate 
whether or not a reservoir is continuous between wells and 
whether or not satisfactory drainage is being obtained with 
present spacings. A mass of data of this type indicates con- 
tinuity to exist in most fields. 


INTRODUCTION 


The purpose of this paper is to review critically the engi- 
neering aspects of the well spacing problem, both from the 
standpoint of certain concepts and from the standpoint of 
reservoir mechanics. The well spacing problem is primarily an 
economic problem in which the optimum well density for a 
particular field is that density which will yield the greatest 
oil recovery consistent with justifiable development costs. The 
well spacing answer in terms of economic conditions, however, 
is extremely sensitive to the variation in recovery efficiency 
with well density. The variation in recovery efficiency with 


1References given at end of paper. 

Manuscript received at the office of the Petroleum Branch October 2, 
1949. Paper presented at the Petroleum Branch Meeting in San Antonio, 
Texas, October 5-7, 1949. 
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well density is properly an engineering problem. Different 
opinions as to the correct answer to this engineering problem. 
is the basis for most of the wide difference in opinion among 
various members of the industry as to optimum well spacing. 
This paper will be confined to the engineering problem of the 
relation between well density and ultimate oil recovery; eco- 
nomic considerations necessary for the evaluation of optimum 
well density for any particular field will not be discussed. 


The paper can be logically divided into two parts. The 
first part deals with a critical examination of the background 
and logic of the Cutler Rule and of similar studies by other 
authors and of related well spacing concepts. It is indicated 
that the variations in recoveries with well density* observed 
by Cutler and others can be logically attributed to regional 
migration. Theoretical justification of the Cutler type relation 
wherein observed variations in recovery with well density in 
the same field is attributed to variations in recovery effiiency, 
in terms of energy relations, is refuted. 


The second part consists of a review of concepts of reser- 
voir mechanics with regard to the well density-recovery rela- 
tion. It is indicated that little variation of recovery efficiency 
with well density can be expected in a depletion type reser- 
voir, unless lenticular conditions prevent communication 
between wells. The significarice of field test data with regard 
to the existence or non-existence of lenticular conditions is 
pointed out. 


THE CUTLER RULEt 


The first published article concerning the engineering as- 
pects of the well spacing problem to receive wide attention 
was the work of W. W. Cutler’ of the U. S. Bureau of Mines, 
published in 1924. In a study of decline curves from a large 


*The expression ‘‘well density’ as utilized herein refers to the number 
of acres attributed to each well in a uniform well pattern, and is ex- 
pressed in acres per well. The term “well spacing” is utilized to denote 
the average distance between adjacent wells in a uniform well pattern. 

+Although the Cutler rule is treated critically in this discussion, the 


“authors intend no personal criticism of W. W. Cutler or of his work. 


The currently accepted concepts of reservoir mechanics were non-' 
existent at the time of Cutler’s work, as were even the most basic tools, 
(such as the bottom hole pressure bomb) for observing reservoir behavior. 
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number of fields, Cutler observed a variation in physical recov- 
eries of wells on tracts developed to different densities in the 
same field. He analyzed, with regard to the well spacing rela- 
tion, the recoveries of tracts drilled to different well densities 
in the same field, including data from seven separate fields. 
These data consisted only of examples which apparently satis- 
fied the following requirements: 


1. The wells being compared had approximately the same 
initial productive capacity as exhibited by the first year’s 
production and were completed at approximately the 
same time, in areas of approximately equal pay thickness. 


2. The wells being compared exhibited interference with 
offset wells as indicated by changes in the slope of de- 
cline curves of old wells upon completion of nearby new 
wells. 


From these comparative data was developed the following 
tentative rule: The ultimate production for wells of equal size 
where there is interference . . . seem approximately to vary 
directly as the square roots of the areas drained by the wells. 
The areas drained by the wells is considered to be the area 
of the tract in question divided by the number of wells on that 
tract; in short, the areas attributed to those wells. The rule 
can be restated to the effect that the average recovery per acre 
should be inversely proportional to the square roots of the 
area drained by (attributed to) each well. All the examples 
represented by Cutler’s data apparently were depletion type 
gas drive reservoirs which were produced at unrestricted rates. 


It is apparent that the variation in recoveries with well 
density observed by Cutler must be attributed to either or 
both of two factors: 


1. Regional migration into the areas of closer spacing. 


2. Higher recovery efficiency from beneath the areas of 
closer spacing. 


If the variations in recovery can be attributed to variations in 
recovery efficiency, then it follows that Cutler’s Rule can be 
applied on a field-wide basis with regard to total recovery 
from the field. If the variation in recovery is due to regional 
migration, the rule cannot be applied on a field-wide basis with 
regard to field-wide recoveries. Although the rule itself makes 
no provision with regard to the cause of the observed varia- 
tion of recovery with well density, it is apparent from Cutler’s 
justification of his rule, in terms of energy relations, that he 
attributed the variation in recovery entirely to a variation in 
recovery efficiency. It is in the light of this interpretation that 
the Cutler Rule has been advanced by advovates of close 
spacing as a guide to increasing oil recoveries. An examina- 
tion of Catler’s justification of the rule on the basis of energy 
relations, wherein the variation in recovery with well spacing 
is attributed to variation in recovery efficiency with well 
spacing, indicates the justification to be invalid on two sep- 
arate grounds: 


1. Linear flow principles were utilized, whereas radial flow 
conditions actually apply. 


2. Energy relations themselves are incorrectly applied. 
A quantitative evaluation of the severity of regional migration 
between tracts drilled to different densities in the same field 
indicates that the behavior reflected by Cutler’s Rule might 
easily be attributed entirely to regional migration. 


Cutler’s justification, on the basis of energy relations, of 
his opinion that the observed differences in recovery should 
be attributed to a variation in recovery efficiency is perhaps 
most clearly stated in his own words: “This (tentative) rule 
seems to rest on the fundamental mechanical law that the 
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FIG. 1— SIMPLIFIED FLOW SYSTEM FOR ILLUSTRATION OF ENERGY 
RELATIONS, CONSISTING OF CONSTANT VOLUME CHAMBER A, DIS- 
CHARGING THROUGH SAND PACKED COLUMN BC, TO: OUILET=G: 


energy required to move a fluid (either liquid or gas) through 
a pipe or analogous conductor is proportional to the distance. 
Thus, to force water twice as far through a pipe line requires 
twice the force. According to this theory, doubling the spacing 
means doubling the distance the oil must be forced to the 
well, and inasmuch as the proportion of gas energy to oil is 
not increased, it would naturally be expected that the energy 
would be effective to only half the degree and, hence, result 
in only half the recovery, which accords with the facts.” This 
justification, as indicated above, is unsound, due to the fact 
that flow through a reservoir was assumed to be analogous to 
flow through a pipe line (linear flow). It is also in error in 
the assumption that recovery efficiency is a direct function of 
energy consumption in the reservoir. 

The error of comparing flow through an oil reservoir to 
flow through pipe line has been pointed out repeatedly. The 
former is linear in geometry and is represented by parallel 
flow paths and by a constant cross sectional area available for 
flow, while the latter is near radial in geometry and is repre- 
sented by converging flow paths and varying cross sectional 
area available for flow. Differences between the flow and 
energy consumption characteristics of linear and radial flow 
systems can be demonstrated quantitatively by the coinparison 
of the integrated (steady state) form of the Darcy Equation 
for the two types of flow systems. This has been done by 
Miller and Higgins of the U. S. Bureau of Mines,” who show 
that, with ordinary well spacings and well bore diameters, 
doubling the spacing will result in a nine to 12 per cent in- 
crease in flow resistance and energy consumption. For a linear 
flow system, as used in Cutler’s reasoning, the flow resistance 
and energy consumption would be doubled under the same 
circumstances. Thus, on the basis of the flow pattern alone, 
Cutler’s theoretical justification of his rule should indicate 
the effect of well density on recovery efficiency to be approxi- 
mately 10 per cent of what the rule provides and the data 
indicate. 

Over and above the error of utilizing linear flow principles, 
Cutler’s justification on the basis of energy relations relies 
upon the false assumption that recovery efficiency is inversely 
proportional to the energy utilized in overcoming flow resist- 
ance within the reservoir. His reasoning represents essentially 
a simple energy balance, in which the potential expansive 
energy initially present in the reservoir fluids is equated to 
the product of the number of barrels of oil to be recovered 
times the energy consumption of the flow system per barrel 
production. 

| bel Tiga ans NR erereg ee eae tee SeeeM rei) 
where E = initial energy content of the reservoir 
N = number of bbl of oil to be recovered 


F = units of energy utilized per bbl to overcome flow 
resistance in the rock 
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The energy balance so written is incomplete and its implica- 
tions erroneous. It fails to distinguish between energy con- 
sumption within the system to overcome flow resistance and 
total energy removed from the system, i.e., energy voidage. 
Energy content of the produced fluids after they reach the 
well bore has been ignored completely and tacitly assumed to 
be zero under all circumstances. If-we let H = the energy 
content per bbl of produced fluid after it reaches the well bore, 
the correct equation may be written. 


(Eat +) A Save eS (2) 


where subscripts 1 and 2 refer to initial and abandonment 
conditions, respectively. It is obvious from this expression 
that the recovery efficiency from a reservoir cannot be eval- 
uated in terms of the energy utilized to overcome flow re- 
sistance in the system and that Cutler’s logic, as represented 
by Equation 1, is invalid. 


The true significance of energy relations in a producing 
reservoir becomes readily apparent upon application of an 
energy balance between the fluids remaining in the reservoir 
and those produced. Such an analysis indicates that recoveries 
cannot be expected to be directly related either to energy 
content of the reservoir fluids or to the manner in which that 
energy is utilized. Consider a constant flow system of the type 
illustrated in Fig. 1, which will be assumed to contain a 
homogeneous (single phase) compressible fluid, such as a gas 
or an under-saturated crude oil. Fluid is being produced iso- 
thermally through a sand packed tube, BC, to an outlet, C, 
by virtue of expansion of fluid within the chamber, A. The 
volume of fluid contained in the flow channel, BC, may be 
considered to be negligible. The energy content of the system 
at any time in its depletion history may be written as follows: 


V44.7 V14.7 
| E=g pdv = — pdv erese anaes eo (5) 
v v 


where E = expansive energy content of fluids contained in 
the system, referred to atmospheric condition. 


g =volume, at atmospheric conditions, of fluids con- 
tained in the system 


p = pressure 


v = relative fluid volume, at reservoir conditions, re- 
ferred to volume at atmospheric conditions 


y = volume of the system 
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For any particular fluid, the relative volume (v) is a function 
of pressure. The rate of change of energy content of the sys- 
tem with respect to pressure is expressed: 


dE d 14.7 
= Z ie pdv Bat a) ea herman (2) 
dp up v v 


The expression 


represents, of course, the energy void- 


age from the system per unit pressure drop, and is expressed 
as a function of the volume of the system, the pressure therein, 
and the pressure-volume characteristic of the contained fluid. 
The quantity of fluid within the system can be described in 
terms of the volume of the system, the pressure therein, and 
the pressure-volume characteristic of the contained fluid. 


(a eee eb ptaall esa aM me -0 Co Vf eM Oma (5) 
Differentiating with respect to pressure, 


d th fal 
Sey (ee ie 
dp dp \ v 


Combining Equations 4 and 6, 


is pie pdv 


de SP 
= yee agaml 


dg te) 
dp v 


The expression —— represents the energy voidage from the 
dg 


system per unit of production from the system, as a function 
of the pressure existing in the system and the pressure volume 
characteristic of the contained fluid. Note that the energy 
voidage per unit production is entirely independent of the 
dimensions of the system, the number of outlets, the flow 
resistance of the withdrawal system, or the rate of production. 

The energy voidage of the system per unit production must 
be accounted for in terms of the energy consumption of the 
flow system, (F), and the energy content of the produced 
fluids, (H), per unit production. For a system containing a 
given fluid, 


(F+H)= 


dE 
are) piper egies wes {({08) 


fo} 
which indicates that the total energy voidage per unit of pro- 
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Effect of Regional Migration Upon Recovery for Various Spacing Patterns 


Case 

Recovery—Bbls/Acre for 10-Acre Development... 
Recovery—Bbls/Acre for 20-Acre Development... 
Recovery—Bbls/Acre for 40-Acre Development__________- 
Recovery—Bbls/Acre Average ...--.—------------------—------------—- 
Recovery Ratio—Close to Wide Development... 
Recovery Ratio—Required by Cutler’s Rule. 
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1 2 3 4, 5 6 
723 — 8,581 6,685 5,320 — 
—— 6,630 Se Se —— 4,784 
3,193 3,978 2,169 2,045 2,534 3,060 
3,919 SORT. 3,932 3,926 3,927 3,922 
3.045 1.853 3.098 2.626 2.099 1.563 
2 1.414 2 2 2 1.414 
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FIG. 2— VARIATION IN RECOVERY WITH WELL DENSITY DUE TO REGION 


duction is always equal to the sum of the quantities F and H 
but that the value of either is of no consequence to the total 
energy voidage per unit production, which is uniquely related 
to pressure and fluid characteristic. The energy voidage can- 
not be changed by altering the quantity of energy utilized to 
overcome flow resistance; such will only serve to alter by a like 
amount the quantity of energy to be produced with the fluids 
at the outlet of the system. 


What, then, is the significance of energy relations in the 
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CALCULATED RECOVERIES 


AL MIGRATION FOR VARIOUS SYMMETRICAL SPACING PATTERNS. 


flow system illustrated in Fig. 1? Actually, the energy to be 
voided from a system per unit production at any particular 
time, as expressed by Equation 7, will determine the maxi- 
mum rate to which those fluids can be produced. The maxi- 
mum flow rate from the system illustrated in Fig. 1 will exist 
when the outlet pressure is atmospheric and the energy con- 
tent of the produced fluids, H, is equal to zero. The total 


: dE 
energy voidage of the system aes will then be utilized to 
& 
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overcome fluid friction in the rock. The value of this energy 
voidage per unit production will, therefore, determine the 
maximum rate at which the system can be produced at any 
particular time in its depletion history. The energy voidage 
per unit production will, therefore, determine, in the same 
fashion as the permeability, viscosity, dimensions and geom- 
etry of the flow system, the maximum production rate at any 
time from the system. It will not, as such, determine the quan- 
tity of fluid to be recovered. 


Although the relations expressed in Equations 3 through 8 
have, for the purpose of simplification, been derived for the 
system diagramed in Fig. 1, they will apply to a continuous 
porous system with negligible error provided that average 
pressures be utilized. 


Three generalizations with regard to energy relations of a 
flow system producing expansible fluids by virtue of their 
expansion alone are in order: 


1. Potential expansive energy content of the system is 
determined uniquely by the volume of the system, the 
pressure, and the pressure-volume characteristic of the 
contained fluid. 


2. Energy voidage per unit production is determined 
uniquely by the pressure and the pressure-volume char- 
acteristic of the fluid and cannot be altered by varying 
the dimensions of the system or the flow rate. 


3. The energy voidage per unit production, together with 
the geometry of the flow system, its permeability and 
the viscosity of the fluid, will determine the maximum 
productive capacity of the system. 


The-discussion of energy relations presented above is con- 
fined to homogeneous fluid (single phase) depletion type 
systems. Cutler’s Rule was developed and intended to apply 
to depletion type oil reservoirs, wherein two phases (oil and 
gas) ordinarily co-exist and are produced simultaneously. The 
fluid content of a depletion type oil reservoir can be arbi- 
trarily broken into two components; that part of the fluid 
which will exist in the liquid phase at stock tank conditions 
and that part which will exist in the vapor phase at stock tank 
conditions. The potential expansive energy of that part of 
fluid which will exist in the liquid phase at stock tank condi- 
tions is very small compared to that of the portion which will 
exist in the vapor phase. The potential expansive energy of the 
portion which will exist in the liquid phase can for all prasti- 
cal purposes be ignored and the energy content of the system 
considered to exist solely in the form of free and solution gas. 
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Under these circumstances, the generalizations developed with 
regard to the energy relations for a homogeneous fluid system 
can be expected to hold between the reservoir and the well 
bore for a depletion type oil reservoir when applied specifi- 
cally to that portion of the reservoir fluid which would exist 
in the vapor phase at atmospheric conditions. It follows that 
the energy relations at any particular time in a depletion type 
oil reservoir cannot be altered except by altering the produc- 
ing gas-oil ratio or injecting extraneous fluids. 


As pointed out previously, the logical explanation for the 
relation observed by Cutler and others between recovery and 
well density for wells in the same field is regional migration. 
The requirements which Cutler placed upon his data with 
regard to the utilization of wells of approximately the same 
size, completed at approximately the same time, in areas of 
uniform pay thickness and that interference existed between 
wells, is such that regional migration from the areas of 
wider spacing to areas of closer spacing is inevitable. The 
more densely developed areas will be subject to more rapid 
withdrawal rates per acre and per acre foot of pay and will 
be subject to a more rapid rate of pressure decline than the 
areas of wider spacing. This situation can only result in the 
development of pressure “sinks” around the areas of dense 
development and pressure “highs” around the less densely 
drilled areas, which in turn will result in migration from the 
high to low pressure areas or from the areas of wider spacing 
to areas of closer spacing. The influence of migration upon the 
per acre recoveries of tracts drilled to different densities in 
the same pool has been recognized by many writers, including 
Miller and Higgins’ who state that at least part of the increased 
production credited to more densely drilled tracts must be 
attributed to regional migration. 


Calculations intended to evaluate quantitatively the effect 
of migration under conditions of varying well densities have 
been prepared for a typical set of reservoir conditions. These 
calculations have been prepared for six geometrical configura- 
tions of tracts of different well densities representing portions 
of six symmetrical spacing patterns. Reservoir conditions un- 
derlying the tracts were assumed to be identical in order 
to duplicate the conditions which Cutler strove to find, and 
all wells were assumed to be opened to production at the 
same time and produced to capacity until a limiting economic 
rate of three bbl per well per day was reached. The perform- 
ance of the six systems was derived by a step-wise solution 
combining simultaneously the depletion drive behavior, as 
outlined by Muskat,’ and well production and regional migra- 
tion rates in terms of Darcy’s Law. Since regional migration 
operates in a system of complex geometry (i.e., not simple 
radial or linear geometry), a constant for insertion in the 
Darcy equation to reflect the flow pattern which the migrating 
oil would assume was evaluated for each of the six cases by 
means of the electric analyzer. 


These calculations are based upon the assumption that the 
variation of recovery efficiency with well spacing will be neg- 
ligible; therefore, the entire difference in recovery as reflected 
thereby must be attributed to regional migration. The results 
of these calculations are presented in Fig. 2 and in Table I. 
The points representing actually calculated values in the 
graphs on Fig. 2 are connected with straight lines solely for 
the purpose of comparison with the slope of the line repre- 
senting Cutler’s Rule for the various spacing patterns. Fig. 3 
illustrates the rates of production and migration as a function 
of time for Case 5. Note that the variation in per acre recoy- 
eries with well density from migration alone is in each in- 
stance somewhat more severe than that predicted by Cutler’s 
Rule. These data lead to the conclusion that the well density- 
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recovery relation observed by Cutler and by others on intra- 
field recovery comparisons might very easily have resulted 
from migration alone, even if there were no variation in recov- 
ery efficiency with well density. 

Consideration of the variables at work in the preceding 
calculations points to the conclusion that the effect of the 
magnitude of the permeability of the rock, together with other 
factors, such as viscosity, which determine the productivity 
index of the wells, will not affect appreciably the relative recov- 
eries for a given geometrical arrangement of wells. This is 
to be expected because the’same factors which govern the 
ability of the wells to produce oil also govern the ability of 
the oil to migrate. It is believed that any reasonable set of 
depletion type reservoir conditions, under the specified re- 
quirement of simultaneous well completion, unrestricted pro- 
duction, uniform permeability, porosity, and pay thickness, 
would yield relative recoveries for the geometrical patterns 
analyzed of the same order of magnitude as those shown in 
Fig. 2. Under otherwise similar conditions artificial restriction 
of producing rates would, if allowables were on a per-well 
basis, increase the severity of migration, the per-well recovery 
approaching equality (per acre recoveries inversely propor- 
tional to well density) if the allowables were very small. How- 
ever, artificial restriction with allowables on an acreage basis 
would prevent migration completely during the prorated 
period; migration would be confined to the period of decline 
and total migration over the life of the system reduced. 

The preceding considerations indicate strongly that the 
variations in recovery with well density for intra-field com- 
parisons can be attributed primarily to regional migration and 
that Cutler’s Rule cannot be applied in evaluating field-wide 
recoveries. The explanation of such variation in terms of ener- 
gy relations which would attribute the different recoveries to 
variations in recovery efficiency with well density has been 
refuted. One fact is quite apparent; the relation between well 
density and recovery efficiency cannot be isolated by means 
of intra-field comparisons. Data obtained from intra-field com- 
parisons are of no real significance with regard to the effect 
of well density upon recovery efficiency. 


FIELD-WIDE COMPARISONS 


Since the effect of regional migration makes evaluation of 
the relation between well density and recovery efficiency im- 
possible by means of intra-field comparisons, it appears that 
the relation can be isolated from actual production data 
only by comparing in their entirety the recoveries from dif- 
ferent fields developed to different well densities. Several 
investigators have attempted to evaluate the relation between 
density and recovery efficiency by this method. Two somewhat 
different techniques for evaluating the relation from field-wide 
data are possible, one consisting of the direct comparison of 
recoveries from two or more fields which are identical in all 
respects except well spacing; the other consisting of a statis- 
tical analysis of a large number of fields for the purpose of 
developing a “trend” between recovery efficiency and well 
density. 

The first method, consisting of direct comparison of recov- 
eries from fields of identical reservoir charateristics but dif- 
ferent spacings, is subject to severe practical limitations due 


to the difficulty of finding two or more fields which are known 


to be identical in all respects other than well spacing, which 
might affect recovery efficiency, and in which basic reservoir 
data are of sufficient accuracy to permit close evaluation of 
the recovery efficiencies in each. An example of the uncertain- 


ties of this approach is available in the analyses by Clark, 


Tomlinson and Royds* and by Vietti, Mullane, Thornton and 
vanEverdingen’ of data presented by Hill and Guthrie’ on 
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FIG. 5 — CALCULATED PRESSURE AND OIL SATURATION DISTRIBUTION. 
AT ABANDONMENT. K = 15MD. 


the Mexia-Powell Fault Line Fields of Texas. The two analy- 
ses resulted in exactly contrary conclusions as to the effect 
of well density upon recovery efficiency by use of the same 
data. An impartial observer must conclude that the data were 
of insufficient basic accuracy to permit a definite conclusion 
either way. _ 

The second method for evaluating the well density-recovery 
efficiency relation by means of field-wide comparisons is the 
statistical analysis, represented in the literature by the work 
of Craze and Buckley.’ This analysis reflected no significant 
variation of recovery efficiency with well spacing for a group 
of approximately 70 water drive fields. Although the basic 
data utilized by these authors may not have been of sufficient 
accuracy. to detect a relatively small variation in recovery 
efficiency with well density, the fact that the effect of certain 
other reservoir factors, such as oil viscosity, did show up 
indicates that any pronounced variation in recovery efficiency 
with well density would have been reflected in the analysis. A 
variation in recovery efficiency with well density of the order 
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FIG. 7 — OIL SATURATION DISTRIBUTION AT ABANDONMENT 


CONDITIONS. 
Ww 
2 19 87% 20 01% 
z eo pas = SUINCREASE 
z a a 
= 16.45% 6.52% 
2) INCREASE 
Ons 
a | 
z 
Zz 
o 
a 
(eo) 10 3 S 
Se z 
| 
rs 5 
245 r 
5 ‘ 
a 
re 
Ww é 
> 40 ACRE 20 ACRE 40 ACRE 20 ACRE 
fa SORES DENSITY DENSITY DENSITY 
> 
9 AVG PERMEABILITY = I5MD AVG. PERMEABILITY = 300MD 
Ww 
ac 


FIG. 8— CALCULATED VARIATION IN RECOVERY EFFICIENCY WITH 
. WELL DENSITY AND PERMEABILITY. 


PETROLEUM TRANSACTIONS, AIME 


T.P. 2938 


of magnitude of Cutler’s Rule would most assuredly have 
appeared in Craze and Buckley’s analysis. 


WELL SPACING IN TERMS 
OF RESERVOIR MECHANICS 


The relation between well density and recovery efficiency 
is inherently incapable of being isolated by means of intra- 
field comparison. Due to practical limitations, the relation has 
not as yet been quantitatively developed from field-wide com- 
parisons. Any relation which does exist must have some logi- 
cal basis in terms of reservoir mechanics and should be ap- 
parent in the mechanism of fluid displacement from porous 
rock. From a consideration of the currently accepted con- 
cepts of the mechanism of fluid displacement in porous rock 
and of the principles governing the behavior of oil reservoirs, 
it appears that no appreciable variation in recovery efficiency 
with well density is to be expected. The results of a quantita- 
tive analysis for a particular set of depletion type reservoir 
conditions indicate that the variation in recovery efficiency 
with well density will be extremely small. Consideration of the 
variables at work indicates that the same general situation 
may be anticipated for any reasonable set of depletion type 
reservoir conditions, provided that the reservoir is continuous 
between wells. 

It is apparent that the relation between well density and 
recovery efficiency will be a function of the saturation distribu- 
tion throughout the well drainage radius at the time the well 
must be abandoned. Conversely, the well spacing relation can 
be evaluated quantitatively in terms of the saturation distribu- 
tion at abandonment with respect to distance from the well 
bore. Evaluation of saturation distribution in a depletion type 
oil reservoir requires that the entire production history of the 
system be reproduced. The rigorous reproduction of the en- 
tire history of a two-phase system of finite dimensions pro- 
ducing in the unsteady state involves the solution of a non- 
linear differential equation of such complexity that it has not 
been accomplished to date. It is possible, however, to repro- 
duce approximately the production history of such a system 
and the abandonment saturation conditions in such a system 
by means of a judiciously chosen set of simplifying assump- 
tions. Approximate solutions of this type have been advanced 
by at least three writers,”*” which although slightly different 
in the method of attack, arrive at approximately the same 
results. These analyses are all based upon the proposition 
that the unsteady state performance can be reproduced closely 
by means of a succession of steady states, utilizing the 
depletion drive theory advanced by Muskat’ and others for 
vanishing pressure gradients and the Darcy equation. Actual 
calculations consist of the construction of a series of steady 
state solutions, both in regard to time as the reservoir as a 
whole undergoes depletion and in regard to distance from 
the well bore at any particular time. 

Consideration of the geometry of a near-radial flow system, 
wherein the majority of the pressure drop occurs in the im- 
mediate vicinity of the well bore, and wherein the bulk of the 
producing formation lies near the outer boundaries of the 
system,* leads to the conclusion that the composition of the 
flowing stream will, in a depletion type oil reservoir and 
in the absence of transient conditions, be relatively constant 
from the well bore to the extreme radius of drainage, and 
will be closely consistent with the composition of the produc- 
tion from that part of the rock which lies near the outer limits 
of the drainage radius. This generalization is derived from the 
fact that the area from which most of the produced fluids 


*This situation is a reflection of the fact that the volume of a cylin- 
drical solid is proportional to the square of its radius; thus only one- 
quarter of the volume of such a solid lies within the inner half of its 


radius. 
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originate is an area of small pressure gradients in which the 
depletion drive theory for vanishing pressure gradients can be 
expected to hold very closely (Fig. 4). The area near the well 
bore, where large pressure gradients exist, contribute very 
little to the well efflux and acts primarily to transmit fluids 
produced from outlying elements. Saturation conditions in 
areas near the well bore are determined, therefore, to a 
much greater extent by the producing gas-oil ratio of the out- 
lying elements than by the depletion drive theory for vanishing 
pressure gradients. 


Calculations intended to evaluate abandonment saturation 
distribution, based upon the approximation of constant total 
gas-oil ratio throughout the drainage radius as determined by 
pressure and saturation conditions in the outlying elements, 
have been prepared for two particular sets of reservoir condi- 
tions. The permeability of the rock was taken to be 15 mil- 
lidarcys in one instance and 300 millidarcys in the other; all 
other reservoir factors were identical in both calculations. 
The economically limiting (abandonment) oil producing rate 
was assumed to be three bbl per well per day. The results of 
these calculations are presented in Figs. 5 through 9. Fig. 5 
represents the calculated variation in pressure and oil satura- 
tion at an abandonment oil production rate of three bbl per 
well per day for the set of calculations using a permeability of 
15 millidarcys. Abandonment oil saturation gradients are 
very small and the recovery efficiency practically the same at 
all distances from the well bore except for a small saturation 
sink in the immediate vicinity of the well bore. The effect of 
these saturation gradients in terms of recovery effiiency for 
the K = 15 md. calculation is illustrated in Fig. 6. Note that 
there is very little variation in recovery efficiency with well 
density except for very close spacing. Fig. 7 is included only 
for illustrative purposes, showing saturation and pressure 
distribution at abandonment in the area surrounding three 
wells. Under the conditions of saturation distribution outlined, 
it is apparent that the only effect with regard to recovery 
efficiency of drilling the center well will be to develop a small 
saturation sink in the immediate vicinity of that well. Fig. 8 
represents the relative recovery efficiencies for permeability 
values of 15 millidarcys and 300 millidarcys, all other reser- 
voir conditions being identical. It is interesting to note that 
the effect of permeability is to cause some variation in recovery 
efficiency. However, the drilling of additional wells will have 
no greater effect upon recovery efficiency in the low permeabil- 
ity situation than in the high permeability situation. In either 
instance, however, the effect of number of wells upon the rate 
of production from a given reservoir is appreciable, provided 
that the wells are produced at capacity or that allowables are 
on a per well basis. Fig. 9 represents the entire producing 
history of a representative 40-acre tract under the assumed 
reservoir condition (K = 15 md.) for a 20-acre development 
and for a 40-acre development. 


The basic reasons for the flat saturation gradients and small 
effect of well density upon recovery efficiency in a continuous 
depletion type reservoir are: 

1. The radial geometry of the drainage pattern. 

2. The mechanism of oil displacement by gas. 

Indeed, the authors are unable to conceive of a set of conditions 
under radial drainage and consistent with the mechanism of 
oil displacement by gas under which the steep saturation grad- 
ients necessary for an appreciable effect of well spacing on 
recovery efficiency could exist. If an appreciable effect does 
exist, the currently accepted concept of fluid displacement is 
in need of radical revision. 


An analysis of the well spacing problem in terms of aban- 
donment saturation conditions is obviously inapplicable when 
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a lenticular condition exists throughout the producing reser- 
voir; that is, when the pay zone is not continuous between 
the producing wells. In order to obtain maximum recovery 
from a reservoir composed of separate lentils, it is necessary 
that at least one well bore. penetrate each and every separate 
lentil. The generalizations developed above with regard to 
depletion drive reservoirs are, therefore, strictly limited to 
those instances in which continuous communication between 
wells exists. 


The depletion drive theory, together with the well spacing 
calculations derived therefrom, is based upon the assumption 
that gravitational segregation of fluids within the rock is 
negligible in the time interval required to produce the reser- 
voir. Gravitational segregation is known to be appreciable 
in many depletion type fields, particularly those of high 
permeability, and the depletion drive theory together with the 
well spacing calculations of the type illustrated above cannot 
be expected to hold quantitatively. However, since the gravi- 
tational influence is not related to the distance which a par- 
ticular segment of the rock lies from the well bore and since 
drainage must still occur through a radial system, it is not 
believed that the presence of the gravitational segregation 
will itself cause an appreciable variation in recovery efficiency 
with well density. 


Table II 
Completion Pressure Data — Field “B” 


*Completion Pressure Decline 
Date of Pressure Prior to Completion 
Well No. Test PSIA PSIA 
1 4-29-46 2,021 (Field Orig.) 0 
Dy 11-4-4.7 1,982 39 
3 2-5-48 1,945 76 
4 6-29-48 1,807 214 
5 8-10-48 1,787 234 
6 8-16-48 1,812 209 
a 8-20-48 1,653 368 
8 8-23-48 1,729 292 
9 8-27-48 1,685 336 
10 8-29-48 1,735 286 
11 9-8-48 1,343 678 
12 9-9-48 13723 298 
io} 9-13-48 1,868 las 
14 9-15-48 1,218 803 
15 9-16-48 1,730 291 
16 9-22-48 1,594 427 
Ue 9-24-48 1,565 456 
18 10-6-48 1,739 282 
19 10-15-48 1,631 390 


*Completion pressures are maximum build-up bottom-hole 
pressures taken immediately after initial potential tests. 
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© INFILL DRILLED WELLS 
5-12-48 COMPLETION DATE 


1350 B.H.P, MARCH 1949 
@ OLDER PRODUCING WELLS 
4-11-41 COMPLETION DATE 


INITIAL RESERVOIR PRESSURE = 1771 P.S.1.A. 

AVERAGE PRESSURE>OF OLDER WELLS = 1332 P.S.I-A. 

AVERAGE COMPLETION PRESSURE OF INFILL WELLS= 1313 P.S.LA. 

AVERAGE PRESSURE DECLINE IN INFILL AREAS DUE TO 
DRAINAGE TO OLDER WELLS = 458 P.S.I-A, 


FIG. 10—COMPARISON OF COMPLETION PRESSURES OF LATER- 


DRILLED INFILL WELLS AND OLDER WELLS — FIELD A. 


The application of depletion drive theory to actual reservoir 
rocks has been questioned by some, due to the fact that such 
rocks are not uniform with respect to permeability and poros- 
ity as must be assumed for quantitative calculations. It seems 
reasonable to expect, however, that if the recovery efficiency 
does not vary appreciably with distance from the well bore 
for any reasonable set of conditions of uniform permeability 
and porosity (as indicated to be the case), the yariations in 
recovery efficiency in a heterogeneous system will not vary 
appreciably for any particular segment of rock with its dis- 
tance from a well bore. 


The well spacing problem in water drive reservoirs has 
not been the cause of as great concern as in depletion type 
reservoirs due to the superabundance of expansive energy 
and displacing fluid furnished by encroaching water. A water 
drive reservoir is ordinarily abandoned when the water-oil 


ratio reaches an economically limiting value. The recovery 


é 
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efficiency, therefore, depends upon the average oil saturation 
in the reservoir at which limiting water-oil ratios can be ex- 
pected, and a variation in recovery efficiency with well spacing 
must be the result of reaching the limiting water-oil ratio at 
different average oil saturations with different well spacings. 
There is no reason to believe that the variation in recovery 
efficiency with well density on a uniform pattern will be 
appreciable; however, abandonment oil saturation conditions 
with respect to distance from the well bore in a water-drive 
reservoir cannot be sensibly generalized in terms of reservoir 
mechanics, due to the fact that abandonment saturations sur- 
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770 GOR-4TH.QUARTER SURVEY - 1948 GOR-4TH.QUARTER SURVEY - 1948 
@ OLDER WELLS @® INFILL WELLS 
4-11-41 COMPLETION DATE 6-10-48 COMPLETION DATE 


INITIAL SOLUTION GAS-OIL RATIO = 470 CUFT/BBL. 
AVERAGE COMPLETION GAS-OIL RATIO OF INFILL WELLS =[228CUFT/BBL. 
AVERAGE GAS-OIL RATIO OF OLDER WELLS = 1229 CUFT/BBL 
FIG. 11 — COMPARISON OF COMPLETION GAS-OIL RATIOS OF INFILL 
WELLS WITH GAS-OIL RATIOS OF OLDER WELLS IN A DEPLETION TYPE 


RESERVOIR — FIELD A. 


rounding any particular well depend preponderantly upon the 
sand and well bore conditions peculiar to that well. It is 
readily apparent that the recovery efficiency in a water drive 
reservoir will depend considerably upon well location; strate- 
gic location of wells at or near the top of the reservoir or of 
separate sand stringers is essential for maximum recovery. 


CONTINUITY 


Since it is indicated that the effect of well density upon 
recovery efficiency for reasonable variations in well density is 
small in continuous reservoirs, and since it is obvious that 
infill wells will obtain additional oil in a lenticular reservoir, 
it appears that the well spacing problem in a particular field 
can be resolved into the problem of determining whether or 
not the reservoir is continuous. Fortunately, engineering and 
production data are capable of yielding a positive answer as to 
the presence or absence of continuity in most reservoirs. 


There is no doubt as to the existence of continuity between 
wells in a field in which an effective water drive exists. The 
observation of the results of water influx in terms of pressure 
behavior is in itself a reflection of continuity and freedom of 
migration of fluids throughout the reservoir. 


In depletion type fields, the presence or absence of con- 
tinuity must be established from certain specialized testing 
techniques. Depletion drive theory indicates that the pressure 
existing in the inter-well area should be very closely equal to 
the maximum shut-in bottom-hole pressure of the currently 
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producing wells. Furthermore, it is to be expected that the gas- 
oil ratio of an infill well completed between old producing 
wells will be of the same magnitude as those existing at the 
same time in the older offset wells and that the well produc- 
tivity should be approximately equal. The drilling of an 
infill well into an area which has been produced by other 
wells for a considerable time provides, therefore, an excellent 
opportunity for observing the pressure and stage of depletion 
existing in the inter-well area and of determining whether or 
not the inter-well area is being adequately drained from the 
old producing wells. 


If an infill well between older wells on any certain spacing 
pattern exhibits a pressure upon completion equal to the virgin 
reservoir pressure, that fact constitutes positive evidence that 
the inter-well area has suffered no drainage from the offset 
wells and that a lenticular condition exists in which the 
additional wells can be expected to recover appreciable addi- 
tional oil. The exact quantity of additional oil to be recovered 
cannot be evaluated, because it depends upon the size and 
number of previously untapped lentils which the new well 
happens to penetrate. 


If, on the other hand, an infill well immediately upon com- 
pletion exhibits a bottom-hole pressure consistent with the 
current shut-in bottom-hole pressure of older offset wells and 
if the gas-oil ratio and other producing characteristics of 
the well are similar to those of the offset wells, it can reason- 
ably be concluded that the inter-well area is at approximately 
the same stage of depletion as the areas surrounding the older 
wells. The inter-well area has been and is capable of being 
drained by the offset wells and an appreciable increase in 
ultimate recovery cannot be expected. The infill well will 
simply deplete reservoir space which would have otherwise 
been depleted by the older wells and recover oil which would 
otherwise have been recovered by the older wells on wider 
spacing. The productivity of the infill well should furthermore 
be of the same magnitude as that currently existing in the 
older wells and considerably below the initial potential of the 
early completions in the field. Productivity data, however. 
must be used with care due to normal variation in permeabil- 
ity and pay thickness within the reservoir, and due to the effect 
of transient conditions if the new well has not completely 
stabilized. Frequently, also, the condition of the hole is con- 
siderably better in a new well than in the old wells, resulting 
in productivities which at first glance may yield an erroneous 
impression. Several examples of actual field data, including 
initial completion pressures, gas-oil ratios, and well produc- 
tivities of the type required to indicate whether or not contin- 
uity exists between wells are presented in Figs. 10 through 
12 and in Table II. 


Continuity in depletion gas drive reservoirs can also be 
determined by means of planned interference tests where 
pressure measurements are taken on a shut-in well surrounded 
by producing wells. Since the production from the shut-in 
well during the test period is zero, any pressure drop observed 
in the shut-in well can only be accounted for by movement of 
fluids away from that area due to the production of surround- 
ing wells. The time required to conduct such interference tests 
is dependent upon the build-up period required for the shut-in 
well to reach maximum build-up pressure and the average 
rate of reservoir pressure decline in the area of the test. The 
time required to conduct such tests is usually lengthy, except 
where high rates of production are maintained or where the 
expansibility of the reservoir’s fluids is small, as in an under- 
saturated reservoir. Care must be taken in such tests to allow 
sufficient time for the average reservoir pressure to decline a 
measurable amount; otherwise, the results may be subject to 
misinterpretation. Fig. 13 presents the results of a test in a 


278 


CRITICAL ANALYSIS OF THE EFFECT OF WELL 


PETROLEUM TRANSACTIONS, AIME 


DENSITY ON RECOVERY EFFICIENCY 


7 5 
@ e 
8-23-38 B=15—-38 
2490 2555 
17 
}--------5 © 
12-31-47 
| 85 
6 | 6 
e | e 
RROESS aa) 10-15-38 
2410 2469 
10 AC ! | 
LEGEND 
17 CURRENT PRODUCTION CAPACITY 


@© INFILL WELL 
11-31-47 COMPLETION DATE 
85 INITIAL POTENTIAL 


AVERAGE CURRENT PRODUCTION CAPACITY- GLDER WELLS =6 BOPD 
AVERAGE CURRENT PRODUCTION CAPACITY - INFILL WELLS=I7 BOPD 
AVERAGE INITIAL POTENTIAL -~--~-~--———- OLDER WELLS = 248! BOPD 
AVERAGE INITIAL POTENTIAL ---~-=~---~- —INFILL WELLS = 85 BOPD 
INFILL WELL WITH 


FIG. 12— COMPARISON OF PRODUCTIVITY OF 


OLDER WELLS IN A DEPLETION TYPE RESERVOIR — FIELD D. 


40 AC: 


© SHUT IN WELL 
+ PRODUCING WELL 
- 


BOTTOM HOLE PRESSURE -P.S.LA. 


0 10 20 30 40 50 60 70 80 90 100 
TIME -DAYS 


FIG. 13 — INTERFERENCE TEST — FIELD B. 


fe 


AVERAGE BOTTOM HOLE 
PRESSURE | 


1700 


4 


INITIAL PRESSURE 


1600 


UT IN PERIOD 
WELL Nf} 


gos | ee 


PRESSURE P.S\.A. 


1400 -——_+—___ 
e 


SS 


SHUT IN 
| of WeeL 
e el e 
17.8 Ac, 
} — —! PRODUCING 
WELL 


1300 


1200 


1935 


1936 1937 1938 1939 1940 1941 


YEAR 


FIG. 14 — PRESSURE PERFORMANCE OF A SHUT-IN WELL IN A GAS 
DRIVE FIELD — FIELD C. 


1942 1943 1944 1945 1946 1947 


Vol. 189, 1950 


Vol. 189, 1950 


W. O. KELLER AND F. H. CALLAWAY 


reservoir containing an under-saturated crude in which appre- 
ciable pressure drop occurred over a fairly short period of 
time. Fig. 14 reflects the behavior of a shut-in well over a 
longer period of time in a reservoir producing fluid below 
bubble point pressure. 


Data of the type required to indicate whether or not con- 
tinuity exists are available to the authors on a large number of 
fields. These data indicate continuity to exist in most reservoirs 
and that lenticular conditions are the exception. In most in- 
stances, therefore, the effect of well spacing upon recovery 
efficiency can be expected to be very small. A number of 
instances have come to the attention of the authors in which 
actual pressure, gas-oil ratio, and productivity data indicated 
communication to exist, but in which geological correlation of 
porous zones in the various wells was not possible. The pres- 
ence or absence of continuity must be proven by means of 
behavior which is the direct result of continuity; in particu- 
lar, pressure behavior. Speculation as to the presence or ab- 
sence of continuity between wells on the basis of geological 
data alone is extremely risky. 


CONCLUSIONS 


~ The following conclusions appear to the authors to be in 


order: 

1. Justification of an appreciable variation in recovery effi- 
ciency with well spacing in terms of energy relations is 
not valid. 

2. Observed variations in actual recoveries with well den- 
sity between different leases in the same field can be 
attributed largely to regional migration. 

3. Comparison of field-wide recoveries, though representing 
a fundamentally sound approach, has not as yet furnished 
a positive answer to the well spacing question. 

4. Consideration of the principles of reservoir mechanics 
indicates that the variation in recovery efficiency with 
well density will be very small for a continuous reservoir. 

5. The well spacing problem in most fields can be resolved, 
in terms of whether or not continuity exists, by means 
of properly planned and executed testing programs. 
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APPENDIX 


Pressure and saturation distribution around a well bore in 
a depletion-drive system, from which recovery efficiency as a 
function of well spacing can be evaluated, was approximated 
as shown in Figs. 5 through 9. The methods of arriving at 
these approximate solutions were chosen upon the basis of the 
logic expressed in the text, in which it was concluded that 
the total composition of the flowing stream (liquid and vapor 
phases) at any particular time in the history of the system 
can be expected to: 


1. Be approximately the same from the extreme radius of 
drainage to the well bore. 


2. Be controlled by the composition at the extreme radius 
of drainage whereat the behavior of the system can be 
accurately predicted by the depletion-drive concept, due 
to the fact that vanishing pressure gradients exist at that 
point. 


The relations developed may be derived as follows: 
For a given element of reservoir rock, 
(1) GOR =F (K,/K,) “ar, 

Be l4aige Ole 020 


(OA) Tis ok x x 
Heteup, Z i be 


Also, 
7.073 Kt K./K  rdp 
(3) q@o= 
MB dr 
Rearranging (3), 
; Bigs 00e KEK./K = fo : 
Oe Ba 18 y 
Te Pe 


By the logic expressed above and in the text, 
(5) Let GOR = (p.) (from material balance) 


Assuming uniform contribution of various elements to the 
total flow stream into the well bore (in the absence of tran- 
sient conditions) , 


(6). go = Qo ( it ) (Approximately ) 
Be 


From (2), 

(7) F=¢ (p) 
Also, 
(S)ata— oe (p) 
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Substituting (5), (7), and (8) in (1), it follows that, for 
a given value of p. 

(9) K,/K, =¢ (De, p) ; 

From relative permeability relations, for a given s,, 

(10) K,/K, =¢ (s:) 

And 

(11) K./K = ¢ (s;) 

Therefore, 

(12) K./K = ¢ (K;/K.) 

Combining (9) and (12) 


(20) 


(13) K./K=¢ (pe p) 

Also, GOR 

(14) u = (p) P. 

(15) B= ¢ (p) De 

Substituting in (4), De 

(16) Q, Ff G-4)2= 202 rote ene : 

Te Tg as De LB Tw 

This relation must be evaluated (integrated) graphically K 
from r, to r, and intermediate points to obtain p as a function K; 
of r. Since, at abandonment condition, Q, is determined by K 
economic factors and p, by physical factors, value of these ’ 
variables must be fixed in evaluating pressure and saturation 
distribution at abandonment conditions. The total gas-oil ratio, Mo 
however, is chosen as a function of pe The solution of the Me 
relation therefore becomes a trial and error proposition, in Z 
which a value for p. is arbitrarily chosen and Pw evaluated B 
for the desired Q, until a value of pe has been found which 
will yield the desired value of p,. Elimination of expression 
(6) and substitution of Q, directly for qg, will result in only Bi 
a slight modification of the calculated pressure distribution. 

Once the pressure distribution has been determined, the oil we 
saturation and oil in place at abandonment, as a function of r, Q. 
can be evaluated. So 

Since s, is a function of liquid saturation (for a given alle Sw 
it follows from (16) that Si 

(17) s=% (K./K) =¢ (p., p) = ¢(r) Tx 

(18) Oil in place/unit pore volume = s,/8 f 
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(19) Abandonment oil in place = 2ztf 


Oil Recovery = ztf 
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(1-s.) 
B 


NOMENCLATURE 


Symbol denoting “function of” 

Total gas-oil ratio (free and solution gas) 
Pressure 

Pressure at the extreme radius of drainage 
Pressure at the well bore 

Radius, distance from the center of the well bore 
Well bore radius 

Permeability 

Effective permeability to oil 

Effective permeability to water 

Pay thickness 

Oil viscosity 

Gas viscosity 

Compressibility factor of free gas 


Reservoir volume factor of oil phase at any pres- 
sure, p 


Reservoir volume factor of oil phase at initial 
pressure 


Instantaneous rate of flow at any radius, r 
Rate of flow into the well bore (ater=) 

Oil saturation 

Connate water saturation 

Liquid saturation (oil plus water) 
Reservoir temperatures 

Fractional porosity 
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LA GLORIA FIELD 


W. H. JUSTICE, LA GLORIA CORP., CORPUS CHRISTI, TEX., MEMBER AIME 


PURPOSE 


Cycling operations have been suc- 
cessfully conducted in the La Gloria 
Zone for eight years. The cycling of 
this zone is now virtually completed. It 
is proposed that this report shall review 
the cycling operations of this reservoir 
so that the industry can more accu- 
rately evaluate the cycling process as 
a production method. 


Manuscript received at the office of the Pe- 
troleum Branch October 4, 1949. Paper pre- 
sented at the Fall Meeting of the Branch 
October 5-7, 1949, in San Antonio, Tex. 


INTRODUCTION 


The La Gloria project is one of the 
largest cycling operations in the State 
of Texas. The gas rights in the field 
are unitized in three operating units. 
By mutual agreement Magnolia Petro- 
leum is the designated operator of the 
project for the 12 operators owning the 
gas rights. The La Gloria Corp. is the 
owner and operator of the cycling 
plant. The development and operation 
of the field are under the direction of 
an Operators Committee comprised of 


a representative of each operator. The 
Operators Committee is assisted by an 
Engineering and Geological Sub-Com- 
mittee. 

The La Gloria gas field is situated 
approximately three miles north of Fal- 
furrias, Tex., and lies principally in the 
extreme south end of Jim Wells Coun- 
ty, with its outer limits extending into 
the north end of Brookes County, Tex. 
It is a simple elliptically-shaped dome 
which has a closure of 350 ft. The field 
encompasses a surface area of 5,500 
acres. The gas reserves are found in 20 
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major sand zones lying in the lower 
Frio formation and Transition Zone of 
the Upper Vicksburg formation. Ap- 
proximately 40 gas wells have been 
drilled in exploring and developing the 
gas reserves of the field. 


DISCUSSION 


The La Gloria sand occurs in the 
lower Frio formation at a depth of 
6,515 ft at the crest of the structure. 
The average sand thickness for this 
zone is 32 ft. The reservoir initially 
had a gas column of 125 ft and did 
not have an oil column. The sand 
has an average porosity of 22.2 per cent 
and an average permeability of 521 
MD. The productive area of this zone 
is 2,680 acres. The original bottom hole 
pressure was 3,470 psia and the forma- 
tion temperature is 203°F. The average 
percentage connate water in the reser- 
voir space has been estimated at 20 per 
cent. The original gas reserve for the 
La Gloria Zone is estimated at 139,284,- 
000 cu ft at 14.65 psia and 60°F. The 
initial condensate reserve in place is 
estimated at 6,727,000 bbl of propane 
and heavier condensate, of which 4.- 
011,000 bbl consist of pentanes and 
heavier hydrocarbons, 1,128,000 bbl of 
iso and normal butanes and 1,588,000 
bbl of propane. The initial hydrocarbon 
content of the gas was 1.21 GPM or 
28.8 bbl per MMcif of pentanes and 
heavier hydrocarbons, .34 GPM or 8.10 
bbl per MMcf of iso and normal bu- 
tanes and .48 GPM or 11.40 bbl per 
MMcf of propane. The reservoir data 
on the La Gloria Zone is summarized in 
Table XII. 

Cycling operations were begun in the 
La Gloria Zone in May, 1941. For ini- 
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Table I 


Summary 


La Gloria Zone Gas Production and Injection 


La Gloria Field, Jim Wells County, Texas 


Gas Produced 
Yearly Total 


Average Daily 


Gas Inj ected 
Yearly Total Average Daily 


Year Volume-Mcf Volume-Mcf Volume-Mcf Volume-Mef 
1941 (6.5 mos.) 11,126,467 54,800 8,693,048 42,800 
1942 17,449,830 47,800 17,584,239 48,175 
1943 18,230,414 49,950 19,070,512 52,250 
1944 16,858,497 46,200 14,741,921 40,400 
1945 14,838,079 40,650 12,989,308 35,600 
1946 14,401,905 39,450 12,596,668 34,500 
1947 13,009,921 35,650 12,006,362 32,900 
1948 9,642,063 26,400 12,455,192 34,100 
1949 (7 mos.) 4,549,873 21,360 7,474,602 35,091 
Total production 

to date 120,107,050 117,611,852 


Estimated total production and completion of cycling program: 


126,428,400 


tial cycling operations in this zone there 
were available six producing and two 
injection wells. Another injection well 
was made ayailable in 1942 along with 
another producing well. An average of 
50 MMef per day was produced -from 
the reservoir during the first four years 
of operations. With the abandonment 
of producing wells because of dry gas 
encroachment the producing rate has 
been gradually decreased to the present 
rate of 21 MMcf per day. 

During the cycling operations of the 
La Gloria reservoir a volume of gas 
equivalent to 97 per cent of the gas 
produced has been returned to the res- 


-ervoir through three injection wells. 


The return of this high percentage of 


residue gas to the reservoir was made 


possible by using gas from uncyclable 


123,801,900 


reservoirs for plant fuel. The low net 
volumetric withdrawal of gas from this 
reservoir has resulted in a very small 
average pressure drop in the reservoir. 
Since the average pressure of the reser- 
voir was not appreciably reduced dur- 
ing cycling, the retrograde loss of con- 
densate in the reservoir was largely 
prevented. This is evidenced by the fact 
that a well recently completed in the 
uncycled portion of the reservoir has a 
condensate content practically equiva- 
lent to the content of the gas produced 
from the original wells. 

The condensate content testing of the 
produced gas is extremely important in 
the control of the cycling operations. 
These tests were conducted on samples 
obtained by the split-stream method and 
were conducted on each well every 
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three months. The travel of the dry gas 
in the reservoir was followed by this 
testing program. It is indicated that the 
dry gas has displaced approximately 
80 per cent of the wet gas in the in- 
vaded area. The gas was injected in 
wells located in the extreme north end 
ot the reservoir and the gas was pro- 
duced for a “ring” of wells located in 
the south half of the reservoir (Fig. 3). 
The use of this “end-to-end sweep” 
cycling pattern has resulted in the in- 
vasion by the dry gas of 85 per cent of 
the original reservoir volume. 

It is estimated that the cycling pro- 
gram of the La Gloria reservoir is now 
95 per cent completed. When the cy- 
cling and depletion of this reservoir are 
completed, it is estimated that the fol- 
lowing recoveries will have been real- 
ized: 

2,725,000 bbl or 68 per cent of original 
C5+ condensate in 
place recovered during 
cycling. 

836,000 bbl or 20.8 per cent of origi- 
nal C5+ condensate in 
place recovered during 
depletion to 500-lb. 
abandonment pressure. 


3,561,000 bbl or 88.8 per cent of origi- 
nal C5-+ condensate in 
place recovered during 
cycling and depletion. 

The condensate recovered during cy- 

cling was accomplished by handling a 
are Secon Sete TEX. volume of gas equivalent to 91 per cent 
GAS ISOPACH LA GLORIA ZONE of the original gas in place or 126- 
‘ 428,400 cu ft of which 25 per cent or 

Serer eco 31,602,000 cu ft was dry gas. 


${ PRODUCING GAS WELL THIS ZONE 


1 INJECTION GAS WELL THIS ZONE SUMMARY 
Cycling of the La» Gloria Zone re- 
—— EXTREMITY OF DRY GAS AREA Paredtansthe followin’ 


(1) The recovery and sale of 68 per 


FIG. 3 — GAS ISOPACH, LA GLORIA ZONE E 
cent of the pentanes and heavier con- 


Table I] 
Summary 
La Gloria Zone Liquid Production 
La Gloria Field, Jim Wells County, Texas 


Yearly Total i Yearly Total a: Yearly Total Yearly Total 
Pentanes ++ Average Propanes + Average Butanes Average Liquid Average 
Year Bbl Bbl/M?cf Bbl Bbl/M?cf Bbl Bbl/M?cf Bbl Bbl/M?cf 
1941 (6.5 mos.) 291,768 26.2 1,195 Se Onl: ae 40,247 3.6 333,210 29.9 
1942 | 500,940 28.7 6,994 0.4 ~ 88,444 Sal 596,378 34.2 
1943 502,454 27.6 9,169 0.5 93,186 Sel 604,809 33.2 
1944. 424,519 25.2 8,183 0.5 80,131 4.8 512,833 30.5 
1945 291,347 39:0 13,961 0.9 64,788 4.4 370,096 24.9 
1946 233,106 16.2 34,342 2.4 76,101 Sy) 343,549 23.9 
1947 168,407 12.9 38,352 2.9 56,629 4.6 263,388 20.4 
1948 112,704 iGeeye 28,750 3.0 37,091 3.8 178,545 18.5 
1949 (7 mos.) 64,205 Pie 13,624 3.0 17,686 3.9 95,515 2120 
Total production 
to date 2,589,450 21.6 154,570 ES 554,303 4.6 _ 3,298,323 Dio 
- Estimated total production and completion of cycling program: a 
. ee ee 20.200) 21.6 162,700 Le Seite 583,470 4.6 3,471,430 27.5 
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densate content of gas in this zone dur- 
ing the cycling period. This has pro- 
vided a substantial income from this 
gas reserve during this eight-year cy- 
cling period. 


(2) The cycling of this reservoir has 
reduced the retrograde loss that would 
have occurred if the reservoir had not 
been cycled. The amount of this loss 
varies with the pentanes plus content 
of the reservoir gas. The gas in the La 
Gloria reservoir had a moderate recov- 
erable pentane plus condensate content 
of 28.8 bbl per MMcf so that the in- 
creased recovery of condensate due to 
cycling was not as large as it would 
have been for a gas containing a greater 
amount of condensate. 


(3) Cycling has also increased the 
ultimate recovery of condensate from 
this reservoir since 68 per cent of the 
gas remaining in the reservoir at the 
abandonment pressure will be gas that 
has already been processed. We have 
estimated the abandonment pressure for 
this reservoir at 500 psia which will 
result in the abandonment of 13 per 
cent of the gas initially in place. The 
retrograde loss of the pentanes and 
heavier content of this gas during de- 
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pletion is estimated at 25 per cent. 

(4) At the time cycling was started 
in this reservoir, there was only avail- 
able a small seasonal gas sale and the 
prevailing price for residue gas was 
extremely low. In this particular case. 
cycling has not resulted in the defer- 
ment of any income from the sale of 
residue gas since the available seasonal 
gas sale has been fulfilled from un- 
cyclable reservoirs. A substantial gas 
sale at a much improved price will 
become available to this field during 
the first quarter of 1951 and this sale 
will be met initially with gas produced 
from this reservoir that has been cycled. 
Gas will become available from the 
other reservoir now being cycled and 
from uncyclable reservoirs in the field 
in time to fulfill the volume demand of 
this sale during the next 20 years. 


CONCLUSION 


The cycling of the La Gloria Zone 
has been highly successful in increasing 
the ultimate recovery of condensate 
from this reservoir and in providing a 
substantial income during the cycling 
period from what would have otherwise 
been a very low income property. 
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It is not to be concluded, however, 
that the cycling of other fields contain- 
ing gas with the same condensate con- > 
tent would be as economically profit- 
able. Because of the change in the ayail- 
ability of substantial gas markets at 
prices considerably higher than were 
formerly available, increased construc- 
tion cost and other changes, each proj- 
ect should be critically examined to 
determine the most economical produc- 
tion method. 
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PERFORMANCE OF LIMESTONE RESERVOIRS 


R. C. CRAZE, HUMBLE OIL AND REFINING CO., HOUSTON, TEX., MEMBER AIME 


ABSTRACT 

During the past 20 years, research and development in the 
study of reservoir behavior have dealt principally with flow of 
oil through sandstones. Many reservoir studies of sand fields 
have proved valuable in promoting recovery efficiency. 

This paper discusses fundamental principles governing oil 
and gas production from sandstone and limestone alike and 
presents the results of investigations relating to the applica- 
tion of analytical techniques used for sandstone reservoir 
studies to the study of limestone reservoir performance. The 
characteristics of limestone porous systems, porosity-perme- 
ability relationships, distribution and occurrence of oil, and 
characteristics of flow through such systems are discussed. 
Recognition is made of the similarities or differences which 
these factors exhibit in limestone and sandstone systems. Com- 
parisons between operating data for typical limestone and 
sand reservoirs are presented. It is indicated that the distribu- 
tion and movement of fluids in and through porous limestones 
follow the same fundamental principles underlying such proc- 
esses in sandstones. This fundamental similarity may readily 
be discernible in. the performance of many _ limestone 
reservoirs. 

The volumetric balance and unsteady state radial flow equa- 
tion, the fluid displacement equation, use of electrical analogue 
devices, and other analytical techniques to study the behavior 
of limestone fields appear fundamentally applicable, but do 
require thorough understanding of the properties of the forma- 
tion, of the fluids, their behavior during flow, and adequate 
production operating data. Need for more complete coring 
and comprehensive examination of core properties is stressed. 
The results of “active oil” studies, and of flow and interference 
tests are presented. Well spacing, well completion, and eff- 
cient rates of production in limestone reservoirs are briefly 
discussed. 


INTRODUCTION 


Limestone and dolomite reservoirs constitute the largest 
source of supply of crude oil in the world, an estimated 60 per 
cent of present production coming from carbonate reservoirs. 
In many large geologic provinces such as Mexico, the Middle 
East, and more recently Canada, almost all the oil is found in 
this type of rock. In the United States, all of the major oil- 
producing areas except California and Pennsylvania contain 
oil-bearing carbonate formations. The discovery in recent 
years of large oil reserves in the Silurian, Devonian, and Ordo- 
vician formations in West Texas, in addition to the large re- 
serves in the Permian, has accentuated the interest of oper- 
ators, geologists, and engineers in limestone formations and 
in the many problems associated with understanding the per- 
formance of these reservoirs. The rapid increase in discovery 
of oil in limestone formations and the present-day position of 


1References given at end of paper. 
Manuscrict received in the office of the Petroleum Branch May 16, 1950. 
Paper presented at a meeting of the Permian Basin Section of the 
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prominence held by these fields in the production and reserve 
picture in all parts of the world emphasize the horizons opened 
to the reservoir technologist in the field of geological and pro- 
duction research. 


Pertinent to an interpretation of the behavior of limestone 
reservoirs are the methods of analysis which may be utilized 
and a possession of full knowledge of the many factors which 
influence the analytical procedures. During the past 20 
years a well-developed science of reservoir engineering has 
been built upon the research of many workers who studied the 
fundamental nature of oil reservoirs, characteristics of the 
porous media, properties and behavior of the contained fluids, 
and the mechanics of flow. Application of these studies to 
production practice has resulted in greater recoveries and 
more efficient field operation. The major portion of this evo- 
lutionary process has been founded upon studies of sand fields. 
The applicability of these more thoroughly developed tech- 
niques for studying sand fields to the study of the behavior of 
limestone fields becomes a factor of technical and practical 
significance. 

In the light of the technological background available to 
the reservoir analyst, this paper discusses fundamental prin- 
ciples governing oil and gas production from sandstone and 
limestone alike and presents the results of investigations relat- 
ing to the application of analytical techniques used for sand- 
stone studies to the study of limestone reservoir performance. 


LIMESTONE RESERVOIR CHARACTERISTICS 


The characteristics of limestone and sandstone reservoirs 
are similar in many respects and they both may occur under 
similar structural conditions. Fundamentally, the distribution 
and movement of fluids in and through the porous limestone 
media follow the same basic principles which dictate such 
processes in sandstones. Herein lies a fundamental similarity. 
which may readily be discernible in the performance of many 
limestone reservoirs. In some limestone fields, as in many sand 
fields, widely varying formation properties and distribution 
may reveal themselves in deviations in the performance of the 
reservoir, in the behavior of wells, and in fluid flow through 
the rock, and make difficult the delineation of reservoir be- 
havior. Only by reservoir studies, core analyses, and coordi- 
nated laboratory and field experimentation can the effects of 
the many influencing factors upon the nature of limestone pro- 
duction be determined. 


FORMATION CHARACTERISTICS 


The chief difference between limestone and sandstone, aside 
from their chemical compositions, is the difference in the 
geometry and origin of the porous systems in the two kinds of 
rock. In sandstone the porous system results entirely from the 
openings among individual sand grains which occur during 
deposition. The geometry of the openings between the sand 
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grains is determined by the geometry of the grains. Although 
the pore channels are tortuous and highly irregular, never- 
theless they are intercommunicating and, macroscopically, 
impart to the sand segment fairly regular properties of poros- 
ity and permeability. 

In a limestone, the void system is characterized by a wide 
variation in the shapes and distribution of pore sizes. Some 
intercrystalline or intergranular limestones may have porous 
systems which geometrically are similar to the systems of some 
sandstones. The behavior of such limestone reservoirs may be 
quite similar to that of sandstone reservoirs. However, com- 
plicating processes of secondary solution, recrystallization, and 
fracturing markedly influence the geometry of limestone po- 
rous systems, imparting to the formations where such proc- 
esses have occurred considerable variations in the pore shapes 
and a high degree of variation in pore size distribution. Such 
conditions make it more difficult to obtain representative 
sampling, to measure the rock properties, and to ascertain the 
influence of the porous system upon the reservoir behavior. 


Récent research has been conducted to study the occurrence 
of oil in carbonate reservoirs. This project combined a petro- 
graphic study of dolomitic and calcitic limestone cores with 
laboratory examination of the same cores. More than 3,700 
core samples obtained from various formations and ages in 
West Texas, Southwest Texas, and North Texas, from the 
Devonian zones at Leduc, Canada, and from the Quaternary 
surface limestones in the Bahama Islands were examined. 
Porosities and permeabilities were measured on the samples. 


In this study, four basic porosity types were recognized: 
intercrystalline, intergranular, fissure, and vug. Core analyses 
and detailed lithologic examination of the samples indicated 
a relationship between the type of porosity and the porosity- 
permeability properties of the carbonates. Table I summarizes 
this relationship. 


Table I 
Porosity Type Porosity, PerCent Permeability, md. 
Microgranular _ High (20-35) Low (1-10) 
Fine- to Coarse- 

Grained Moderate (10-20) Moderate (10-100) 
Intergranular Very high (25-45) Very high (300-5000+) 
Fissure Low (2-10) Very high (unmeasured) 
Vug (highly 

variable) Low to very high Moderate to very high 


In Fig. 1 is shown the relationship between porosity and 
permeability for a series of samples from the Cretaceous Ed- 
wards lime of intercrystalline porosity type. It became evident 
during this study that textural variations of the formation 
within a porosity type influenced the porosity and permeability 
relations. These influences were also found to vary with the 
formation and with composition. This textural relationship is 
also illustrated in Fig. 1. As the texture ranges from micro- 
granular to coarse-grained, the permeability increases for a 
given porosity. The texture-composition relation noted for the 
Edwards lime was also found in samples from the Ellenburger 
and Permian formations in West Texas. In the Ellenburger, 
for example, limestones are microgranular, and the dolomites 
range from fine- to coarse-grained. 

In conjunction with the correlations made on the results of 
these core analyses, statistical methods were applied to attain 
more complete interpretation. Such methods have utility in 
establishing relationships between porosity and permeability 
probabilities and in characterizing the porosity type or com- 
binations of types that make up the productive zones. 

The existence of different types of porosity and the condi- 
tions of their formation affect the accumulation of ojl and the 
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FIG. 1 —POROSITY-PERMEABILITY RELATIONS EDWARDS LIMESTONE 
SAMPLES. 


behavior of reservoir and well. Correlation with production 
tests on wells shows the influence of porosity type on well 
potentials. In the fracture type such as the Keystone and 
Martin Ellenburger fields, potentials are medium to high and 
vary less than in other types. Reservoir pressures are quite uni- 
form and a high degree of intercommunication is apparent. 
In the vug-type reservoir, well performance and _ reservoir 
pressures in some areas may vary widely from those in other 
portions of the reservoir. In the intercrystalline type reservoir, 
potentials generally are lower and their distribution more 
uniform than those of wells in vug-type formations. Pressure 
distribution may vary from one area to another. An under- 
standing of the variations in well behavior with properties of 
the formation may aid considerably in interpreting reservoir 
performance, in applying auxiliary aids to increase production 
efficiency, and in well completion and control. 


DISTRIBUTION OF OIL OCCURRENCE 


In connection with studies of the textural-porosity-perme- 
ability relations in limestone core samples, an analysis of the 
distribution of the presence or absence of oil with permeability 
and porosity was made for a group of cores from the Edwards 
limestone in the Jourdanton Field in Atascosa County. The 
presence of oil appeared dependent upon high porosities and 
permeabilities, and similarly, the absence of cil the result of 
low porosities and permeabilities. It was indicated that little 
oil was present in those cores having porosities less than 5 
per cent and no oil present in those with less than 2 per cent 
porosity and 0.01 md. permeability. 

An interesting study of fractured dolomite cores from the 
Martin Ellenburger Field has also been made. Large core 
samples were obtained from a well cored with oil-base drilling 
fluid and porosities were measured in the laboratory. Total 
porosity averaged 3.3 per cent of the bulk volume of the sam- 
ples. Porosities of small samples of the intercrystalline matrix 
averaged 1.51 per cent, leaving 1.79 per cent porosity for the © 
fracture and vug system. The ratios of the matrix porosity tee: 
the total porosity for individual cores averaged 0.474. The 
ratio of the matrix porosity to total porosity was the same as 
the fractional water saturation of 0.473 observed for the large 
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samples. This indicated that water occupied practically all 
the matrix porosity and oil all the fracture porosity. This dis- 
tribution was observed visually when the cores were obtained. 
The matrix was intercrystalline dolomite having a low perme- 
ability of around 0.1 md. 

In another Ellenburger field, Yarbrough and Allen, a simi- 
lar study indicated that the fractures and interconnected vugs 
contained the major portion of the recoverable oil. 


FLUID MECHANICS 
Relative Permeability 


The rate of flow of a fluid in a reservoir rock is proportional 
to the effective permeability of the rock to that fluid. Where 
two fluids, oil and gas, are flowing simultaneously, the effective 
permeability to each depends upon the fraction of the pore 
space occupied by each fluid. These effective permeabilities are 
usually expressed as a relative permeability to the particular 
fluid flowing. 

Relative permeability-saturation relations for gas and oil 
are useful in predicting gas-oil ratios, reservoir pressures, and 
recoveries to be expected under various operating conditions. 
Relative permeability curves, however, for the various reser- 
voir rocks are quite different and it becomes necessary to 
determine these relations for the particular formation under 
‘study. Relative permeabilities may be determined experi- 
mentally in the laboratory on small core samples through use 
of several techniques. Other methods involve the determination 
of relative permeability-saturation relations from field and well 
production behavior. 

Relative permeability curves obtained to date on sandstone 
and limestone cores indicate no marked characteristic varia- 
tions which could be attributed specifically to the formation 
composition — whether limestone or sandstone. Rather, the 
variations which do occur in the displacement of the curves 
are functions of the textural differences and the pore size 
distributions for both sands and limestones. Very wide dis- 
tribution of pore sizes and a large fraction of very fine pores 
give sharply decreasing oil permeabilities and rapidly rising 
gas permeabilities with decrease in oil saturation. This would 
result in rapid increase in gas-oil ratios with depletion and 
comparatively low oil recovery. A more uniform pore size 
distribution is reflected in more moderate changes in oil and 
gas permeabilities, giving rise to less rapid increase in gas- 
oil ratios and higher recovery. 

The ultimate test of the reliability of laboratory measure- 


FIG. 2 — RESIDUAL OIL IN SAND (21 PER CENT SATURATION). 
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FIG. 3 — RESIDUAL OIL IN LIMESTONE (31 PER CENT OIL SATURATION). 


ment of relative permeabilities on small core samples will be 
the accuracy with which such measurements reflect actual field 
behavior. Correlation of a relative permeability-saturation rela- 
tion determined from field and well performance with that 
averaged from laboratory measurements on cores should shed 
light on the applicability of such experimental measurements 
on cores to the interpretation of field behavior. 


Capillary Pressure 


An important piece of information about the capillary prop- 
erties of a rock is its characteristic curve of capillary pressure 
versus saturation. These curves reflect the capillary forces 
which govern the distribution of fluids in the porous system 
and influence the flow of fluids. The shapes of the capillary 
pressure-saturation curves do not appear to be a unique func- 
tion of either sandstone or limestone, but reflect the pore size 
distribution in the rock. : 


Capillary pressure measurements have been found useful 
through the restored state technique in determining interstitial 
water in reservoir formations. Capillary pressure-saturation 
relations have been correlated with permeabilities and porosi- 
ties of cored formations through use of the dimensionless 
quantity’ (P./v) (K/¢)°° where P. is the capillary pressure, 
7 the interfacial tension, K the permeability, and ¢ the poros- 
ity. From results obtained on cores from the Edwards lime- 
stone at Jourdanton, there is some indication that this corre- 
lation is best for cores in the same lithologic classification and 
in the same formation. Use of the more rapid mercury-injec- 
tion method to obtain capillary pressure curves, developed by 
W. R. Purcell’ of Shell Oil Co., may increase the utility of this 
correlation in obtaining permeabilities of tight limestone cores 
and irregular fragments or cuttings. 


The possibility exists that there may be a unique relation- 
ship between the permeability-saturation curves and the capil- 
lary pressure-saturation curves. The discovery of such a rela- 
tionship could greatly reduce the amount of laboratory testing 
necessary for complete information on a core. 

Correlation of relative permeability-saturation relations and 
capillary pressure-saturation relations for limestone cores 
with core analyses and lithologic examination should be help- 
ful in obtaining a more complete knowledge of the occurrence 
and flow characteristics of oil in limestone reservoirs. 
Residual Oil 

To determine the shape of the residual oil at reservoir aban- 
donment conditions, unconsolidated sand and limestone cores 
were saturated with water, the water displaced with molten 
Wood’s metal, and the Wood’s metal flushed with water. The 
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sand and limestone were then removed. The remaining Wood’s 
metal is believed to have the same configuration as the residual 
oil in depleted water-flushed reservoirs. A photomicrograph of 
residual oil in unconsolidated sand is shown in Fig. 2. The 
shape of the residual oil in a limestone is presented in Fig. 3. 
This limestone was a sample from the Edwards formation hav- 
ing only intercrystalline porosity. Comparison between the 
residual oil in unconsolidated sand and in this limestone shows 
no significant difference in shape. In both formations the 
residual oil existed in the pores not as discrete droplets or 
spheres, but as irregularly shaped blobs interconnected by 
tortuous links. The size of the residual oil shapes in this lime- 
stone sample was smaller than in the sand because of the 
lower permeability and much smaller average pore size of the 
limestone. The similarity observed in the shape of the residual 
oil in sand and in the intercrystalline limestone is not sur- 
prising in view of some similarity between the geometry of the 
porous system of the intercrystalline limestone and that of a 
sandstone. However, it is expected that significant differences 
in the shapes of residual oil would be observed between those 
in sands and those in limestones whose porous systems com- 
prise fractures, vugs, or combinations of these with intercrys- 
talline or intergranular pores. 


LIMESTONE RESERVOIR PERFORMANCE 


Oil fields have been classified by technologists according to 
the following categories: dissolved gas drive, gas cap drive, 
and water drive. These categories are convenient, descriptive, 
and practical. The type of drive fixes the operating character- 
istics and to a large extent determines the ultimate recovery. 
Limestone reservoirs, as well as sandstone fields, may be so 
classified, according to the type of drive predominant in the 
expulsion of oil from the reservoir. 


Identification of Type of Drive 


The determination of the reservoir pressure variations with 
production of oil is highly important in interpreting and con- 
trolling the behavior of oil fields. This is only natural, since 
the pressure is an index of the efficiency with which the nat- 
ural forces available for the production of oil are utilized. A 
vast amount of subsurface pressure data and information on 
the withdrawals of oil, gas, and water have been accumulated 
by field engineers and operators on a great number of fields, 
both sand and limestone. Correlation of these pressure-pro- 
duction relations with geologic information, formation char- 
acteristics, fluid properties, and well behavior has permitted 
better interpretation of field behavior, particularly in sand 
reservoirs. Fairly well-defined characteristics may be assigned 
to the three types of drive and identification facilitated through 
inspection of the pressure-production relations. 

For limestone as well as sandstone fields producing under 
dissolved gas drive, the rapid and continuous decline in pres- 
sure, the sharp rise in gas-oil ratio, and the production of very 
little water are typified by the operating data on the Fullerton 
Field, a limestone reservoir in the Clear Fork zone of Permian 
Age (Fig.4). 

The gas cap drive has as its chief characteristics segregation 
_ of free gas in the reservoir as a gas cap, moderate and con- 
tinuous decline in pressure, increasing gas-oil ratios as the 
expanding gas front reaches the wells, and little water pro- 
duction. Typical of the gas cap drive field is the Goldsmith 
Field producing from the San Andres dolomite (Fig. 5). 

The Henderson Field, producing from cavernous Yates- 
Seven Rivers limestone of Permian Age is an example of a 
limestone reservoir operating under an extremely active water 
drive (Fig. 6). The high degree of pressure maintenance, the 
production of gas at essentially the dissolved gas-oil ratio, 
and the rapidly increasing water production to very high per- 
centages are characteristic of fields in this classification. 


290 


PETROLEUM TRANSACTIONS, AIME 


PERFORMANCE OF LIMESTONE RESERVOIRS 


PRESSURE: PSI 
3000 = 
~ 


~ 
a pReSsune CU. FT./BBL 
2600 is 4000 
2200 } = seve 2000 
GAS-OIL RATIO WwhTeR 
% 
1800 eh 1s a 20 10) 
OIL: 
M BBL/DAY WATER 


40 
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FIG. 5 — OPERATING DATA — GOLDSMITH GAS-CAP DRIVE. 
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‘FIG. 6 — OPERATING DATA — HENDERSON WATER DRIVE. 


COMPARISON BETWEEN OPERATING DATA 
FOR LIMESTONE AND SANDSTONE FIELDS 


Having viewed the above fields as typical limestone fields 
operating respectively under the three types of drive, one 
might compare pressure-production trends in limestone reser- 
voirs with those for sand fields to ascertain whether there are 
any similarities or marked dissimilarities in the operating data. 
In Fig. 7 is shown a comparison between the pressure-produc- 
tion data for the Henderson Field, mentioned before as a typi- 
cal water drive limestone reservoir, and the Amelia Field, 
producing from the Frio sand in the Texas Gulf Coast. Both 
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reservoirs have very active water drives, and the degree of 
pressure maintenance, and the gas-oil ratio and water produc- 
tion trends have been remarkably similar for the past 12 years. 
The only dissimilarity has occurred during the last four years 
when Henderson’s oil production rate has suffered a severe 
decline, the result of near-depletion of its reserves. 

Two other fields, both with large gas caps and inefficient 
water drives, show comparable performance. In Fig. 8 are 
presented operating data for the Eunice Field, a limestone 
reservoir in the Seven Rivers Permian formation, and for the 
Conree (Upper Cockfield) reservoir, producing from the Cock- 
field sand of Eocene Age. Here too, the pressure variations 
are similar, as are the gas-oil ratio and water production 
trends. 
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FIG.-7 — COMPARISON RESERVOIR PERFORMANCE HENDERSON AND 
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FIG. 8 — COMPARISON RESERVOIR PERFORMANCE EUNICE AND CON- 
ROE (UPPER COCKFIELD). 


It is interesting to observe the similarity in the production 
behavior of two older and typical.“decline’’ fields, Hendricks, 
producing from cavernous Seven Rivers Permian limestone, 
and the Yegua (Eocene. Age) sand field production in the 
Humble Field. These fields, the production data for which are 
presented in Fig. 9, were drilled up rapidly many years ago 
and began producing as flush fields at peak open-flow rates. 
Their production rates soon began to decline, however, and 
during the ensuing years these two reservoirs have produced 
at relatively low oil rates accompanied by production of large 
quantities of water. It is significant to note that despite the 
differences in the porous media and in their relative sizes, the 
percentage rates of decline in the production of oil has been 


almost identical. 
Comparative performances such as illustrated here lead one 


toward the conclusion that limestone reservoirs fundamentally 


behave like sandstone reservoirs. 
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ANALYSIS OF LIMESTONE RESERVOIR 
PERFORMANCE 


Comprehensive analyses of sand and limestone reservoirs 
have proved useful in promoting better operating practices 
and recovering additional oil. Determination of the type of 
drive, estimation of recovery, prediction of pressure, feasibil- 
ity of gas and water return, determination of maximum effi- 
cient rates, evaluation of recovery participation, well produc- 
tion control and well spacing are but a few of the problems 
which find their solution through application of the reservoir 
analysis. 

Accumulation of more complete field production data, asso- 
ciated field and laboratory investigations, and deeper search- 
ing into the theory underlying fluid flow have been coordi- 
nated into methods of analysis which have been applied to 
studies of reservoir performance. The volumetric balance, the 
unsteady state radial flow equation, the fluid displacement 
equations, and the dissolved gas drive procedure have been 
utilized successfully, particularly in studies of sand fields. It 
is realized that these methods frequently must rely on sim- 
plifying assumptions and inadequate data. Lack of sufficient 
knowledge of the characteristics of the reservoir and of the 
properties and behavior of the contained fluids can render 
application of these methods difficult, whether the reservoir 
be sandstone or limestone. 


WATER DRIVE FIELDS 


In the study of water drive fields, the volumetric balance 
equation has been employed to compute the volume of water 
influx into a reservoir. This equation requires complete pro- 
duction data, correct average reservoir pressure variations, 
detailed subsurface oil and gas examination, and a thorough 
knowledge of the reservoir rock, the distribution of fluids, and 
the configuration, continuity, and volumes of those portions of 
the reservoir occupied by oil and gas. The unsteady state 
radial flow equation, another tool applied to water drive eval- 
uation, further requires a knowledge of the properties and 
extent of the surrounding porous continuum. For the sand 
field, the properties of the formation, the oil and gas in place, 
and the continuity of the reservoir and its surrounding aquifer 
are often more readily determined because of the higher de- 
gree of uniformity of the sand porous system and the greater 
ease of representative sampling. Reservoir pressure trends are 
usually more precisely determined because of the usual rapid 
response of sand wells in attaining pressure equilibrium fol- 
lowing shut-in during pressure surveys. The long, slow build- 
up observed in wells in many tight limestone fields has made 
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dificult an accurate determination of the average formation 
pressure variations. Build-up characteristics of individual wells 
reflect the well production rate prior to shut-in. Hence, the 
average pressure of a low-permeability reservoir may be modi- 
fied by the field production rate prior to the time of the survey. 
Flow tests and build-up curves on key wells can assist in 
determining the correct reservoir pressure. 

As an example of the utility of the volumetric balance and 
unsteady state equations in a reservoir study of a limestone 
field, a study of the Bateman Ranch (5,100-ft horizon) is 
cited. This field, situated in a local anticlinal closure, pro- 
duces undersaturated oil from a cavernous zone in the Canyon 
lime (Pennsylvanian Age) showing little evidence of frac- 
turing and having widely varying porosity and permeability. 
Rapidly declining pressures during the first four years of its 
history raised the question as to whether a water drive was 
effective, and the rate at which the field should be produced 
to assure full benefit of the available drive. Analysis of the 
reservoir performance indicated an effective water drive. It 
was then possible to evaluate the maximum efficient rate of 
production and to recommend operating procedures to promote 
recovery. Nearly identical values of the water influx calcu- 
lated by the volumetric balance and those by the unsteady 
state equation gave evidence of successful correlation of the 
pressure-production relations, and assured reliability of pre- 
dicted behavior. 

Studies of water-drive limestone reservoirs have also been 
carried out successfully through the use of such devices as 
the Carter oil reservoir analyzer and potentiometric models. 
Application of these devices in the future may find even 
greater utility in handling problems the solution of which by 
mathematical means may become particularly complex. 


GAS CAP DRIVE FIELDS 


In the mechanism of gas cap drive, the gas cap invades the 
oil zone in a manner very similar to that by which water 
~ encroaches into and displaces oil from the sand. The effective- 
ness of the displacement of oil by gas depends on the ease 
with which the two fluids can move. This in turn is a function 
of the relative permeability-saturation relations for gas and 
oil in the specific formation under study, the properties of the 
oil and gas, and the formation characteristics and geometry. 
With data on these variables at hand, the calculation of oil 
recovery by gas cap drive under existing or projected condi- 
tions of operation may then be made through use of the fluid 
displacement equation. The derivation and use of this equation 
are explained in a paper by S. E .Buckley and M. C. Leverett.’ 
Methods of analysis employing this equation are equally as 
applicable to limestone reservoirs as to sand fields. 


DISSOLVED GAS DRIVE FIELDS 


Evaluation of the pressure-production behavior of dissolved 
gas drive fields and the prediction of ultimate recovery may 
be accomplished for limestone reservoirs by the same analyti- 
cal procedure developed for sand fields. The volumetric bal- 
ance is helpful in delineating past performance, but is not 
adequate to predict pressures and oil recoveries because of its 
inability to predict gas-oil ratio variations. The stepwise deple- 
tion procedure employing the relative permeability-saturation 
relations for gas and oil is necessary to delineate the behavior 
and recovery of fields operating under this type of drive. 
Here again, relative permeability data, formation characteris- 
tics, and fluid properties are requisite. Where core data are 
insufficient to obtain representative relative permeability meas- 
urements, resort to well production data and pressure varia- 
tions with depletion may assist in obtaining the necessary rela- 
tive permeability curves. 
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ACTIVE OIL CALCULATIONS 


A recent study employed the volumetric balance, rearranged — 
into the “active oil” equation, to determine the apparent 
“active oil” variations with production for eleven limestone 
reservoirs. The purpose of this study was to investigate the 
possibility and extent of oil migration or “bleed-in” from 
zones of very low permeability into more permeable channels 
as pressure was reduced in the reservoir. It was stated by 
Bulnes and Fitting’ that recoveries from a number of fields 
“tend to eliminate the possibility that only the permeable 
(i.e., greater than 1 md. permeability) zones are producing.” 
Some have proposed that to recover the oil from low-perme- 
ability zones, fields should be produced at high rates, pulling 
the pressure down in the permeable strata and thereby creat- 
ing a pressure differential in the tight pores sufficient to expel 
that oil into the larger pores and hence to the well. 


It has been postulated that the slow rates of pressure build- 
up for wells producing from limestone reservoirs of relatively 
low permeability reflect both the slow movement of oil over 
considerable distances and the gradual migration from the 
dense part of the reservoir into zones of higher permeability. 
It was conceivable that there could be a lag in this latter 
migration which would result in higher rates at the greater 
pressure differentials resulting from depletion and that this 
would be reflected as an increase in the active oil calculated 
by a volumetric balance. To check this point, volumetric bal- 
ances were made in five fields believed to have no significant 
water drive. Data for six limestone reservoirs with water drives 
were included for comparison. 


The active oil study of the Goldsmith Field, producing from 
the San Andres dolomite, is summarized in Fig. 10 as an 
example of this investigation. Core analyses indicated an aver- 
age porosity of 10 per cent, a permeability of 33 md., and a 
connate water saturation of 15 per cent. Pressure-production 
relations have been shown previously in Fig. 5. The active oil, 
computed at each pressure survey, showed little variation with 
cumulative production of oil, and remained fairly constant at 
525 MM bbl. On an increment basis, the variations were more 
pronounced because of the effects of pressure variations fol- 
lowing changes in field production rate. However, these vari- 
ations were consistent with the anticipated effects upon the 
apparent active oil, and the average trend remained the same 
as that on the cumulative basis. 
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The results of these active oil studies indicated: 
1. There is no evidence that delayed oil entry from regions 
of low permeability is of significant importance. 


2. The differences in behavior of limestone and sand reser- 
voirs appear not to be fundamental. 


3. Active oil volumes for fields without effective water drives 
may be used to check volumetric estimates, to serve as a basis 
for predictions, to smooth the pressure-production curve, and 
to estimate oil in place for fields without adequate core data. 


4, Active oil calculations may be used to check the pres- 
~ence of a water drive. 


5. Active oil studies for fields on which data are available 
will serve as a background for studying fields with incomplete 
data or where proper interpretation of available data is doubt- 


ful. 


6. More complete core data are needed for checking active 
oil volumes. Core data provide the best approach to the esti- 
mate of ultimate production and are necessary for the proper 
analysis of reservoir behavior. 


FLOW AND INTERFERENCE TESTS 


As part of the study of limestone reservoirs, a series of flow 
and interference tests was conducted in the Martin Field in 
West Texas, a water drive reservoir producing undersaturated 
crude from the Ellenburger dolomite. These tests were made to 
obtain information which might aid in determining whether or 
not the unsteady state radial flow equation used so frequently 
in the interpretation of fluid flow behavior in sand media pre- 
cisely predicts transient behavior in a limestone reservoir. It 
was hoped by using the pressure variations observed in the 
wells during the interference tests, the time at which those 
variations were’ measured, the distances of the offset shut-in 
wells to the producing well, the rate of oil production, and 
properties of the reservoir oil that the porosity and perme- 
ability of the formation could be calculated through use of 
the unsteady state equation. Furthermore, should the porosity 
be determined, the product of porosity, thickness, and the 
appropriate area would yield the volume of fluid in place in 
the total reservoir or any areal unit. 


During the flow and interference tests in these wells, pro- 
ducing from the highly permeable, fractured dolomite at Mar- 
tin, the resulting’ small pressure drops were measured accu- 
rately by means of a dead-weight tester attached to the tubing- 
heads of the wells. Since the tubing remained full at all times 
with undersaturated oil, pressure drops as low as 0.1 psi were 
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measurable. These tests showed definite interference between 
wells, pressure drops of 13 psi being observed after 24 hours 
in wells 1,867 ft from the producing well, and 3 psi in a well 


3,733 ft away. The average rate of flow in the producing well 
was 1,831 B/D. ~ 


Values calculated for the permeability-thickness product and 
for the porosity-thickness product were reasonably consistent 
for the offset wells. However, extrapolation of the flow test 
data for the producing well failed to check these quantities 
for the offset wells. The measured pressure drop in the pro- 
ducing well was more than ten times too high to be con- 
sistent with the pressure drops observed in the offset wells 
and with the corresponding formation properties. The results 
further indicated that a reasonable check of the porosity 
determined by the flow tests with that from core data could 
be obtained only if the entire Ellenburger formation thickness 
be used, and not just the thickness of the productive oil zone. 
Since this was so, it was felt that the determination of oil in 
place from these interference test data was not possible. 


Further studies of pressure-production-time relations ob- 
tained during flow tests on a number of wells in West Texas 
fields have been made to determine the applicability of the 
unsteady state equation in depicting the flow characteristics of 
limestone wells. The results have indicated that the unsteady 
state radial flow equation represents the flow relations in lime- 
stone wells equally as well as in sandstone producers. Inter- 
pretation of flow test data through this equation has permitted 
computation of the formation permeability of wells producing 
from limestone. Particularly, for those wells with declining 
productivity factors, from the slope of the pressure drop versus 
logarithm of the time relation, the permeability of the forma- 


-tion has been computed and checked reasonably well with 


permeability values from core data. The chief requisite for 
an accurate permeability measurement from flow test data is 
a test of longer-than-usual duration. The sensitivity of the 
equation to changes in porosity, however, is not adequate to 
permit its use in calculating this important characteristic 
from flow test data with any accuracy. In Fig. 11 is shown 
the pressure-time relations for a flow test obtained on a well 
in the Wasson Field. 


More research is needed to amplify the interpretation of 
well and reservoir behavior through the medium of flow and 
interference tests. 


PRODUCTION PRACTICES 
Well Spacing 


The spacing of wells in limestone reservoirs has in recent 
years been relatively wide. Proof that much wider spacing of 
wells than has been employed in many fields in the past can 
adequately drain the porous formation throughout a continu- 
ous reservoir has been amply demonstrated in the compara- 
tively high recoveries obtained to date in many of our sand- 
stone and limestone reservoirs. The results of interference 
tests of short duration in highly permeable fractured lime- 
stones have given conclusive evidence of fluid movement 
throughout the reservoir. Even in limestones of low perme- 
ability, the pressure-production behavior of infill-drilled wells 
in many instances has indicated that the portion of the inter- 
communicating reservoir penetrated by the infill well had been 
drained: by the wider-spaced wells to the same degree as the 
rest of the reservoir and hence that the closer-spaced wells 
would not increase the ultimate field recovery. 

Such information as this has corroborated the fact that 
well spacing, solely through its influence of distance between 
wells, appears not to have any appreciable effect upon the ulti- 
mate recovery to be obtained from a reservoir. The properties 
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of the formation, the continuity of the structure, the charac- 
teristics of the oil, and the degree to which the operator efh- 
ciently controls and utilizes the forces available for production 
of oil do have a profound effect upon the recovery of oil. 
The proper spacing of wells becomes a problem governed by 
their structural position in the reservoir and not by distance 
between wells as such. 


Well Completion 


Completion of wells in limestone or sandstone reservoirs 
must satisfy two conditions. First, a well should be completed 
so as to provide, along with other wells, the maximum ultimate 
recovery from the reservoir. Secondly, the well should be com- 
pleted in such fashion as to permit workover for the exclusion 
of gas or water or change in the completion interval in a man- 
ner which is straight-forward and least expensive. These con- 
ditions lead to completion normally within a limited interval 
in the lower, rather than the upper, portion of the reservoir. 

In a water drive reservoir, such completion permits control 
of water encroachment, allowing the lower portions of the 
reservoir to be flooded first, followed by flooding of succes- 
sively higher sections as wells are progressively worked over. 
This is practical from the workover standpoint as wells are 
drilled originally to their maximum depth and selectively 
plugged back to shut off water. In fields without water drives, 
and with or without initial gas caps, this type of completion 
is also preferable. In such reservoirs, completion near the base 
of the productive zone is conducive to higher ultimate recovery 
in that maximum advantage is taken of the benefits of gravi- 
tational segregation and retention of gas in the reservoir. 
Initial completion near the top may later require expensive 
deepening to deplete lower portions, and exclusion of gas may 
become impossible. 

It appears to be good completion practice in limestone for- 
mations to drill wells to the bottom of the productive section 
and complete within the minimum interval required to yield a 
satisfactory productivity factor. The distance above the water, 
if a water drive is present, should be sufficient only to prevent 
immediate production of water. This distance would depend 
upon the continuity and permeability of the producing zone. 

If the permeability is so low that a satisfactory productivity 
factor cannot be obtained even by opening the entire produc- 
tive section, it would be preferable to sacrifice productivity 
factor rather than open the entire section. In such event, com- 
pletion within the lowest one-fourth of the productive interval 
should be reasonably satisfactory. 


Maximum Efficient Rates 

The maximum efficient rate of production for a reservoir is 
the maximum rate which can be maintained without creating 
appreciable waste. In limestone fields, as well as in sand fields, 
the maximum efficient rate is dependent primarily upon the 
type of drive available, and upon the individual characteristics 
of each field. 

For water drive fields, the maximum efficient rate of pro- 
duction is that rate which will maintain reservoir pressure at 
or above 70-80 per cent of the initial pressure or of the satu- 
ration pressure of the oil, will permit uniform pressure dis- 
tribution over the reservoir, will lead to uniform rate of water 
advance through the productive zone, and assure uniform 
flushing of the flooded portions. Efficient reservoir production 
demands efficient operation of the wells tapping the reservoirs. 
It is important, then, to avoid excessive localized pressure 
drop, to maintain high oil saturation, and to prevent or mini- 
mize fingering or coning of gas and water into the wells. 

For gas cap drive fields, maximum recovery of oil is ob- 
tained. only through efficient displacement of oil from the 
reservoir as the gas cap expands and invades the oil zone. 
Maximum efficient producing rates permit uniform encroach- 
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ment and flushing of the oil zone, avoid waste of gas, and take 
advantage of the benefits of gravity forces where reservoir 
conditions are favorable. 

For dissolved gas drive fields, the maximum efficient rate 
must be based on other factors. Some degrees of restriction in 
withdrawal rate will assist in maintaining uniform saturation, 
in eliminating localized areas of large pressure drop, high gas 
saturation and ultimate reduction in recovery, and may permit 
some degree of gravitational segregation to take place. For 
fields which have produced at high rates since their discovery, 
restriction of withdrawal rates to those for water drive fields 
may permit a water drive to become evident under more favor- 
able producing conditions. 

The most precise estimate of the efficient producing rate for 
a limestone reservoir may be obtained through a complete 
reservoir study and detailed analysis of field and well 
performance. 


CONCLUSION 


The differences between the performance of limestone reser- 
voirs and sandstone reservoirs appear not to be fundamental. 
The distribution and movement of fluids in and through the 
porous limestone media follow the same basic principles which 
dictate such processes in sandstones. This fundamental simi- 
larity may readily be discernible in the performance of many 
limestone reservoirs. 

The primary difference between limestone and sandstone 
reservoirs is the difference in the geometry and origin of the 
porous systems in the two kinds of rock. The pore spaces in 
the limestone are characterized by a wide variation in their 
shapes and in the distribution of pore sizes. These widely 
varying characteristics of limestone formations give a com- 
plexity to the porous system which may modify the reservoir 
and well behavior in such a fashion as to make difficult the 
application of analytical techniques to delineate the perform- 
ance, to understand the recovery processes, and to predict the 
results of operating practices to increase recovery. The solu- 
tions to the questions which surround the interpretation of 
limestone reservoir performance appear to lie in obtaining a 
thorough knowledge of the characteristics of the limestone 
porous system, of the occurrence of oil in that media, and of 
the influences of the porous system upon the flow charac- 
teristics. Application of that understanding may then be made 
to the fundamental principles governing oil and gas produc- 
tion, which principles are basic and identical for both sand- 
stone and limestone. This path of research seems most 
promising, rather than the necessity for development of a 
completely new and different explanation of fluid occurrence 
and behavior specific for limestone reservoirs. 

Acquiring this knowledge means research in many phases 
of the broad problem. Coordinated effort of geologists, engi- 
neers, and production technologists should result in success 
— success measured in greater recovery of. oil from our lime- 
stone reserves. 
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ABSTRACT 


A comparison is made between the 
amount of interstitial water found by 
analysis in cores and that estimated 
from the resistivity curve of the electric 
log for the corresponding strata of 


producing reservoirs. It is shown that 


while the determined and the estimated 
water saturations are in good agree- 
ment in some cases, this agreement 
may be due to a fortuitous compensa- 
tion of errors. Estimates of water sat- 
urations made from the electric log by 
use of existing relations should, there- 
fore, be employed with caution. Also 
presented are data on the variation of 
salinity of interstitial waters in reser- 
voir sands, and on the effect of varia- 
tion of salinity and porosity on the 
validity of estimates of water content 
made from the electric log. 


INTRODUCTION 


Throughout the history of electric 
logging there have been recurrent cycles 
of optimism and pessimism as to the 
value of the electric log in the quanti- 
tative estimation of reservoir fluid con- 
tent. The very early days of electric 
logging were an optimistic period, in 


which there was widespread faith in the. 


ability of the resistivity curve to reflect 
fluid content, and in the ability of the 
potential curve to indicate textural 


1 References are given at end of paper. 
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characteristics. In time the accumula- 
tion of exceptions to this idealistic be- 
havior brought about a general disil- 
lusionment, and caused the more pessi- 
mistic of those dealing with electric logs 
to believe that the sole importance of 
the log lay in stratigraphic correlation. 


Within the-last several years opti- 
mism as to the quantitative use of the 
electric log has been revived, primarily 
as the result of the stimulating work of 
G. E. Archie’ on the estimation of 
interstitial water in sands from resis- 
tivity data. Even. though the general 
trend of thought on the quantitative 
value of the electric log reflects opti- 
mism, it is inevitable that there are 
some widely divergent opinions of the 
validity of quantitative estimates based 
on the electric log. 


A valid method of estimation of fluid 
content by means of the electric log and 


a general knowledge of the textural 


character of the reservoir rock would 
be of signal importance, not only in 
that it would save time and money in 
securing information on reservoirs now 
being drilled, but also because it would 
permit the evaluation of reserves in 
many fields drilled without adequate 
core data subsequent to the advent of 
electric logging. 

Because of this importance, Humble’s 
Production Research Division, in coop- 
eration with various other company 
divisions, initiated several years ago a 
series of tests designed to evaluate the 
reliability of estimates of fluid content 
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made from the electric log. The inves- 
tigation was limited at the outset to 
sand reservoirs, since it was felt that 
the inclusion of limestone reservoirs 
would entail needless complications. 

In devising these tests it was imme- 
diately apparent that the chief difficulty 
in evaluating the worth of any method 
of estimation lay in establishing the 
true value of fluid content. The results 
of direct analyses of cores cut with 
ordinary mud were not sufficient, be- 
cause of the probability of contamina- 
tion of the fluids by filtrate from the 
drilling mud; the results of restored 
state tests on cores were deemed un- 
suitable because these results can hard- 
ly be said to furnish a primary stan- 
dard. 

The method adopted was the direct 
analysis of cores cut with an oil-base 
drilling fluid. Such cores, when prop- 
erly handled, are believed to afford the 
most precise determination of water 
content available at the present, and, 
in addition, lend themselves readily to 
the determination of various other 
properties which are pertinent to the 
estimation of fluid content from the 
electric log. 

Since it was desired to compare the 
fluid contents estimated from the elec- 
tric log run in ordinary mud with cores _ 
cut in the same hole, the use of oil-base 
fluid necessitated the changing over, 
after all cores were cut, to a conven- 
tional mud. This procedure presented 
several advantages, one of which was 
that the use of oil-base fluid permitted 
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the drilling of the hole closely to 
gauge. Again, use of oil-base fluid al- 
lowed a comparison to be made between 
electric logs made in the same hole 
in oil-base and in natural mud. 


EXPERIMENTAL 
PROCEDURE 


Two wells in the Hawkins Field, a 
field in East Texas which produces from 
a thick Woodbine sand section, were 
chosen for the initial tests. One of the 
wells was located near the edge of the 
structure, and penetrated both the oil 
zone and a portion of the underlying 
water zone. The other well was located 
nearer to the center of the structure, 
and penetrated a gas cap and a portion 
of the oil zone. The thickness of pay 
in this particular field is quite large in 
comparison with that in most of the 
reservoirs encountered east of the 
Rockies. The electric logs made in this 
field are usually considered to be re- 
liable and diagnostic. 

After completion of the experimental 
work on these two wells, additional 
data pertinent to the evaluation of 
methods of estimation of fluid content 
were obtained in the Charlotte Field in 
Southwest Texas. In this case cores of 
the Navarro sand were obtained by use 
of oil-base fluid, and electric logs were 
run in the same fluid by use of scratch- 
er electrodes. Since the primary pur: 
pose of the use of oil-base fluid in this 
field was to increase productivity, it 
was not practical to change to a natural 
mud after completion of coring. The 
results of tests in this field were there- 
fore limited, but served to throw some 
light on the validity of connate water 
estimates made from the electric log. 

In all cases, every attempt was made 
to minimize contamination of the cores 
by filtrate from the oil-base fluid. To 
obtain large enough samples to permit 
discarding of the outer part of the core, 
a conventional core barrel was used. 
It was found most important to bring 
each core to the surface immediately 
after it was cut, and to remove the core 
from the barrel as soon as _ possible. 
After removal from the barrel, the cores 
were first wiped dry, and then the outer 

"portion was removed by use of either a 
wire brush or a knife. Unless this pro- 
cedure was followed with all possible 
dispatch it was observed that, on stand- 
ing at the surface, the cores imbibed 
the oil-base fluid. 
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Samples for analysis were selected 
after the cleaning process was com- 
pleted and were subjected to the fol- 
lowing determinations: 


Resistivity of the Core 


The resistivity of each sand core 
sample was determined immediately 
after the core had been removed from 
the barrel and cleaned. 

In preparing the core samples for 
this determination, the ends of the 
sample were sawed off with a diamond 
saw, run with no lubricant. The sam- 
ple, usually some 5 in. in length, was 
then placed in a holder which was 
fitted with current plates which could 
be brought to bear against the ends of 
the core, and with two sets of probes 
which could be driven into the core for 
the measurement of potential gradient 
along the length of the sample. Each 
set of probes consisted of three pointed 
brass rods spaced equally around the 
circumference of the core sample. 

Alternating current (60 cycles per 
second) was passed through the cur- 
rent plates and through the core. This 
current was determined precisely by 
measurement with a vacuum tube volt- 
meter of the voltage drop across a cali- 
brated resistor in series with the core 
sample. The potential gradient along 
the core between the two sets of probes 
was measured with the same vacuum 
tube voltmeter, which had an input im- 
pedance of 1 megohm. A switching ar- 
rangement made possible the measure- 
ment of potential gradient either be- 
tween individual probes of the two sets 
or between the collective probes of 
the two sets. Comparisons of the poten- 
tial drop between each of the three pairs 
of single probes and between the two 
sets of probes, with the probes in each 


‘set in parallel, showed close agreement. 


In most cases separate determinations 
of resistance were made over different 
portions of the core, and, in all cases, 
if it appeared possible that the core 
sample had not been freed of all por- 
tions contaminated by oil-base fluid. 
the sample was pared down until it in- 
cluded only the center of the core. 

The resistivity of each core sample 
was computed from the resistance, as 
determined above, and from the dimen- 
sions of the sample. 


Salinity of Interstitial Water 
The salinity of interstitial water con- 
tained in each core sample was deter- 
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mined directly by inserting into a 
crushed sample of the core a -small 
chloride-sensitive electrode, together > 
with a reference half-cell. The chloride- 
sensitive electrode was prepared by fus- 
ing a thin coating of silver chloride on 
the point of a rod of pure silver. The 
potential developed between this elec- 
trode and the reference cell ( a calomel 
half-cell) reflects the chloride content 
of the fluid with which the two are in 
contact. This method of determination, 
it will be noted, is a direct salinity 
measurement and does not depend on 
a knowledge either of water content or 
of the total amount of salt present in 
the sample. In spite of the fact that 
the interstitial water content of some 
of the core samples tested was quite 
low, there was still present enough con- 
tinuous water phase to permit the de- 
termination of salinity by this method. 


The salinity measurements were made 
in the field within an hour or so after 
removal of the core from the barrel. 
The crushed core sample used in this 
determination was then employed in the 
determination of fluid content. as de- 
scribed below. 


Determination of Interstitial 
Water Content 


The content of interstitial water in 
the core samples was determined by 
two independent methods, and as a fur- 
ther check, by a variation of one of 
these. 


One method used was that of vapori- 
zation of the water from a weighed, 
crushed core sample, and absorption of 
the vaporized water in a weighed dry- 
ing tube. This method has been de- 
scribed by Schilthuis’. 


An independent method consisted in 
the addition to a weighed, crushed 
sample of the core of a known volume 
of a chloride-free solution of an elec- 
trolyte, followed by the determination. 
by a procedure similar to that used in 
determining the salinity of the inter- 
stitial water, of the salinity of the 
mixture of interstitial water and added 
electrolyte. Since the salinity of the 
interstitial water itself, the salinity of 
the diluted interstitial water, and the 
volume of diluent were known, the orig- 
inal volume of interstitial water present 
in the sample could be computed from 
the relationship: 
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Viena 
CraG: 


where 


C, is the salinity of the interstitial 
water, 


C, is the salinity of the mixture of _ 


interstitial water and diluent. 


V, is the volume of interstitial water 
present in the sample, and 


V. is the volume of diluent added. 


The use of a solution of an electro- 
lyte as a diluent in this method, rather 
than the use of pure water, was found 
to be necessary in order to coagulate 
the clay normally present in core sam- 
ples. If this clay is not coagulated by 
the electrolyte, adsorption by the clay 
of a portion of the water added in the 
dilution will introduce some error into 
the determination. A suitable electro- 
lyte was found to be calcium nitrate, 
used in the diluent solution in 214 per 
cent concentration. 


A variation of the foregoing method 
consisted in the determination of the 
original salinity by use of the chloride- 
sensitive electrode, followed by the de- 
termination of the mass of chloride 
present in a weighed portion of the 
core. The volume of interstitial water 


m 
in the core sample is given by V, = — 


1 
where m is the mass of chloride pres- 
ent, and V, and C, are as before. 
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A comparison of the results of anal- 
ysis of individual samples by each of 
the three foregoing methods showed an 
extremely close correspondence for all. 
The values of interstitial water content 
finally chosen were average ones from 
all three methods, although, because 
of the good concordance, the results of 
any one method could have been em- 
ployed with equal confidence. 


Determination of Oil Content 


In the case of the two wells drilled in 
Hawkins, the oil content of each core 
sample was determined by difference 
according to the method described by 
Schilthuis’. The cores from the Char- 
lotte Field were subjected to this same 
treatment, and also to a method of 
direct determination which was found 
to be quite rapid and reliable. The di- 
rect method consisted in adding to the 
crushed and weighed core sample a 
small volume of calcium nitrate solu- 
tion and a small known volume of a 
liquid which was miscible with oil, 
immiscible with water, and of high re- 
fractive index. The organic compound 
alphabromnaphthalene was used for the 
latter liquid, and, in practice, was 
added to the same core sample used 
for water assay by the salinity method. 
The mixture of core, diluent solution, 
and organic liquid was shaken vigor- 
ously for a few seconds, and a droplet 
of the mixture of alphabromnapthalene 
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and oil contained in the core was fished 
out. The refractive index of this droplet 
was determined by use of a compact 
portable refractometer, and the oil con- 
tent of the droplet was determined by 
reference to a calibration chart which 
showed the refractive index as a func- 
tion of the percentage of the particular 
crude present in the mixture. Since a 
known volume of the liquid of high 
refractive index was employed, the oil 
content of the core could then be 
computed. 


This method was found to be quite 
rapid, and gave results in close agree- 
ment with those obtained by use of the 
more conventional method. 


Porosity 


Porosity of each of the core samples — 
was determined both by the Washburn- 
Bunting method, and by a comparison 
of bulk and grain density. In the case 
of the Hawkins cores, porosity measure- 
ments were made on samples adjacent 
to those used for the determination of 
fluid contents. In the case of the Char- 
lotte cores, the determination of poros- 
ity by a comparison of bulk and grain 
densities was made on the same core 
sample used for assay for fluid contents. 
This was done by determining the bulk 
density of the wet core (containing in- 
terstitial water and oil), crushing this 
sample, determining the fluid contents, 
and then correcting the wet bulk den- 
sity’ to dry bulk density. The latter, 
together with the grain density, was 
used for the computation of the total 
porosity. The use of the identical sam- 
ple for both porosity and fluid content 
determinations resulted in consistent 
fluid saturation values, and eliminated 
a common source of uncertainty in com- 
puting saturations. 


In general, the total porosity was 
found to be somewhat higher than the 
apparent porosity as determined by the 
Washburn-Bunting method. Since it is 
thought that the latter is subject to 
greater error, the total porosity was 
used in the computation of fluid satur- 
ations. 


Permeability 


Permeability, both parallel and per- 
pendicular to the bedding plane, was 
determined by conventional methods. 
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Formation Factor 


The ratio of the resistivity of a core 
sample completely saturated with a 
saline solution to the resistivity of the 
solution alone, defined by Sundberg® as 
the “formation resistivity factor” and 
by Archie’ simply as the “formation 
factor,” was determined for all samples 
which were competent enough to with- 
stand the treatment involved. Small test 
cylinders were cut from the core sam- 
ples by use of a diamond drill, and then 
were cleaned by flowing through them 
under pressure successive portions of 
toluene, acetone, and salt water. The 
salt water duplicated in composition the 
water produced from the respective 
fields. Following this treatment, the core 
samples were submerged in a vessel of 
salt water. The vessel was evacuated to 
remove all air from the samples, then 
a pressure slightly higher than atmos- 
pheric was applied. The core samples 
were removed, and resistance deter- 
minations were made immediately by 
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Table I 


Mud resistivity at surface, ohmmeters 
Bottom-hole temperature, °F 
Estimated mud resistivity at bottom-hole 
temperature, ohmmeters 
Nominal hole size, in. 


Upstructure Well Downstructure Well 
3.3 (at 88°F) 4.8 (at 78°F) 
168 


158 
1.8 2.4 
67 6% 


means of a four-electrode system using 
alternating current. The resistivities of 
the cores were computed from the re- 
sistance values and the physical dimen- 
sions. The formation factors were then 
determined by dividing the resistivities 
of the cores by the resistivity of the 
water used to saturate them. 


Mounce Potential 


All core samples, including those 
which were shale or predominantly 
shale, were subjected to a determination 
of the Mounce potential. This potential, 
described by Mounce and Rust,* arises 
when a shale or clay containing saline 


water is brought into contact with water 
of a different salinity. The magnitude 
of the potential, when salinities of the 
interstitial and extraneous waters are 
held constant, appears to reflect the 
percentage of shale or clay present in 
the sample. 


The determination was made by in- 
terposing the core sample between two 
hollowed-out rubber stoppers, one of 
which contained water equivalent in 
composition to water produced from the 
respective field, and the other of which 
contained fresh water. Nonpolarizable 
electrodes immersed in the two solu- 
tions were connected to a vacuum tube 
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voltmeter, which indicated the value of 
the Mounce potential. 


In an attempt to correlate the results 
of measurements of the Mounce poten- 
tial with clay content, measurements 
were made of the dye adsorptivity of the 
core samples, a method purported to be 
indicative of clay content. The latter 
method proved to be ineffective. Since 
the results of Mounce potential meas- 
urements were in agreement with visual 
observations of clay content, no use 
was made of the results obtained from 
the dye adsorption method. 


ELECTRIC LOG DATA 
Hawkins Wells 


Electric logs were run in both wells 
in the Hawkins Field immediately after 
the oil-base fluid used in coring had 
been displaced with conventional water 
mud. In each case, the hole was then 
underreamed from a nominal diameter 
of 614 in. to a nominal diameter of 
8 in., and additional logs were run. In 
each well the electric log made in the 
hole before underreaming was nct sig- 
nificantly different from the log made in 
the reamed hole, nor was it materially 
different from logs made in nearby wells 
drilled entirely with ordinary water 
muds. This agreement indicates that the 
use of oil-base fluid in drilling had little 
or no effect on the log made after dis- 
placement of cil-base fluid with con- 
ventional mud. 


Fig. 1 is a reproduction of conven- 
tional electric logs made in the two 
Hawkins wells before the holes were 
underreamed. Table I gives the infor- 
mation which would ordinarily be uti- 
lized in the quantitative interpretation 
of these logs. 

The measurements of mud resistivity 


at the surface were made with no par- 


ticular care either in selecting samples 
which would be representative or in 
attempting to secure a high degree of 
accuracy in the technique of the meas- 


urement. 


Caliper logs made in both wells 
showed that the actual diameters of the 
holes were very close to the nominal 


size. 
In addition to the logs shown in Fig. 


1, electric logs were also made with a 


point electrode device and with other 
multielectrode configurations. — 


Charlotte Wells 
Although several wells drilled to the 


_ Navarro sand of the Charlotte Field 
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were cored with oil-base fluid, only one 
yielded a sufficient number of core 
samples to justify the making of a 
comparison between the results of de- 
terminations on cores and results de- 
rived from the electric log. 

Two different electric logs were run 
in oil-base fluid in this one well. Al- 
though the resistivity curves of both 
logs showed essentially the same fea- 
tures, the numerical values of resistiv- 
ity highs did not agree. A consideration 
of the different systems of instrumenta- 
tion used in making the two logs dic- 
tated the choice of that log which gave 
the higher resistivity values as being 
the more nearly correct. 

A three-electrode tool of the scratcher 
type was used in making this log. The 
two potential electrodes were separated 
by a distance of 24 in., and a single 
current electrode was located 66 in. 
above the midpoint of the two. 

The oil-base fluid had a water con- 
tent at the time of logging of roughly 
10 per cent. Attempts to measure the 
resistivity of surface samples of the 
fluid gave various results, none of which 
were considered reliable, but all of 
which indicated very high values. It is 
estimated that the contact resistance be- 
tween each scratcher and the strata be- 
ing logged was several thousand ohms. 

A comparison of the logs made in 
oil-base fluid in several wells in the 
Charlotte Field with logs made in con- 
ventional mud in offset wells indicated 
that both resistivity and potential curves 
of the oil-base logs were diagnostic of 
the character and fluid content of the 
reservoir rock, but that the oil-base 
resistivity curves gave generally higher 
resistivity values opposite the produc- 
ing intervals than did the logs run in 
neighboring wells in ordinary muds. 


CORRELATION OF RESULTS 


The data obtained from the forego- 
ing determinations were deemed suffi- 
cient not only to permit a comparison 
between analytical values of intersti- 
tial water and those estimated from the 
electric log, but also to evaluate the 
validity of certain relations upon which 
commonly-used methods of estimating 
interstitial water from the electric log 
are based. For example, the data per- 
mit an examination of: 

1. The relation of the apparent re- 
sistivity of a stratum, read from the 
electric log, to the true resistivity of 
the cores from the stratum, 
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2. The relation of the resistivity of 
a core to its interstitial water content, 
and 


3. The effects of variable physical 
quantities such as porosity, shale and 
clay content of the rock, and salinity 
of the interstitial water on the relation 
of resistivity to interstitial water con- 
tent. 


Comparison of Apparent 
Resistivity from Electric Log 
with Resistivity of Cores 


In order to compare the apparent re- 
sistivity values read from the electric 
log with the resistivity measurements 
made on the cores immediately after 
removal from the core barrel, it was 
necessary to: 


1. Adjust the latter values to correct 
them to bottom-hole temperature, and 


2. Select values from the electric log 
which would correspond in depth to the 
depths of the core samples. 

The temperature correction was made 
on the assumption that the resistivity 
of the interstitial water had the same 
temperature coefficient as that of a solu- 
tion of pure sodium chloride. 

In general, since core recovery was 
exceptionally good, there was no diffi- 


‘culty in assigning depths to the major- 


ity of core samples in order that 
resistivity values could be read from 
the electric logs at corresponding 
depths. There were a few exceptions, 
however, where the depths of incom- 
pletely recovered cores were in doubt 
by a matter of three or four feet. In 
such cases, a comparison of a plot 
against depth of the Mounce potential 
of the recovered portion of the core 
with the potential curve of the electric 
log proved a valuable aid. Correspond- 


- ence between the two could usually be 


found readily, and was used to estab- 
lish the true depth of the incomplete 
core. 

Fig. 2 shows a comparison of the 
resistivities and Mounce potentials of 
the Hawkins cores with the potential 
and 63 inch-spaced resistivity curves of 
the electric logs made in these wells. 
The Mounce potential values measured 
on the cores agree very well in magni- 
tude with the potential values of the 
electric log. Though the logs of re- 
sistivities measured on the core samples 
show striking similarities in character 
to the resistivity curves of the electric 
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logs, it is obvious that the apparent 
resistivity values of the electric logs 
were generally much less than the re- 
sistivities measured on the cores. 


The question immediately arises as 
to how closely the resistivity of the 
cores approximates the resistivity of 
the same material in situ. This resolves 
itself into the questions of: 


1. How much aqueous fluid was lost 
from the cores prior to the measurement 
of resistivity at the surface, and 


2. Whether or not the resistivity 
measurements at the surface were af- 
fected by contamination of the cores 


by the oil-base fluid. 


It is certain that a small amount of 
water was lost from the core samples 
by evaporation during the time neces- 
sary to clean and select the samples. 
This amount, however, was minor, as 
shown by reasonably close agreement 
of the average value of salinity of the 
interstitial water in the core samples 
with the salinity of water produced 
from the Hawkins Field. and, more 
strikingly, by the fact that the water 
saturation found by analysis in samples 
recovered from the water zone encoun- 
tered in the downstructure Hawkins 
well was in excess of 95 per cent. 

Contamination of the cores by the oil- 
base fluid is thought not to have been 
serious. The core sample from the 
water bearing zone referred to, which 
was quite permeable, had absolutely no 
oil present, showing that in this case 
no flushing by the oil-base fluid had 
taken place. It is interesting to note 
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FIG. 3— COMPARISON OF CORE RESISTIVI- 
TIES WITH POINT VALUES OF ELECTRIC LOG 
RESISTIVITY 


that the water saturations in the upper 
part of the Woodbine section of Haw- 
kins were in some cases as low as 2 or 
3 per cent. Even this, however, cannot 
be ascribed to flushing by the oil-base 
fluid, since it is inconceivable that any 
flushing possible during the drilling 
operations could reduce the water sat- 
uration to such low values. It is like- 
wise inconceivable that interstitial 
water could be lost from the cores to 
the mud by reaction with the quicklime 
postulated by some to be present in 
the oil-base fluid. Actually, the fluid 
used in Hawkins contained at least 1 
per cent free water, as do all oil-base 
fluids in practice. It is not likely that 
any water-reactive substances capable 
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of abstracting water from the cores 
could exist in such an environment. 
Consideration of the foregoing fac- — 
tors indicated that the true resistivity 
of the strata in situ was not far dif- 
ferent from the resistivity of the cores 
corrected to bottom-hole temperature. 
To investigate the relationship be- 
tween the apparent resistivity read from 
the electric log and the true resistivity 
as indicated by the measurements made 
on the cores, a comparison was made 
of the core resistivities and of point 
values of resistivity at corresponding 
depths read from various log curves. 
Fig. 3 is a plot of core resistivity data 
and of point values of resistivity read 
from the 63 in. spaced curves made in 
the Hawkins wells and from the oil- 
base run made in the Charlotte well. 
In this figure the ratio of core resistiv- 
ity (corrected to bottom-hole tempera- 
ture) to the apparent resistivity given 
by the electric log is plotted against the 
resistivity read from the electric log. 
In this figure, if close correspondence 
of the core resistivity data with the 
electric log data had been obtained, the 
data points would lie along a horizontal 
line whose ordinate would have a value 
of one. It is seen from the figure, how- 
ever, that the data for the two Hawkins 
wells indicate a wide disparity between 
the two resistivity values, except pos- 
sibly at low values of resistivity, and 
indicate further that there is no relation 
between the magnitude of the deviation 
and the magnitude of the resistivity. It 
is apparent from Fig. 3, however, that 
the agreement of core resistivities and 


Comparison of Resistivities Estimated from Electric Log with 


Average Core Resistivities — Hawkins Wells 
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FIG. 4— COMPARISON OF CORE RESISTIVI- 
TIES WITH RESISTIVITIES FROM ELECTRIC LOG 
MADE IN OIL-BASE MUD, CHARLOTTE 


log resistivities was fairly good for the 
Charlotte oil-base run. This agreement 
may be examined more closely in Fig. 4, 


_in which the electric log resistivities are 


compared directly with the core resistiv- 
ities by plotting both on Cartesian co- 
ordinates. 

It is realized that the point values of 
resistivity read from the electric log 
which were used in Fig. 3 included 
some values which were spuriously low 
because of the geometry of the electrode 
configuration used in making the log. 
These low values would normally be 
discounted in the estimation of inter- 
stitial water saturation by use of the 
resistivity curve. An attempt was con- 
sequently made to eliminate these val- 
ues from those data from the Hawkins 
wells which were used for comparison. 
The procedure used.in this attempt was 
identical with that currently employed 
by many of those engaged in the quan- 
titative interpretation of electric logs. 
In this procedure the section logged in 
each of the Hawkins wells was first, by 
reference to the potential curve, divided 
into depth intervals which appeared to 
embrace only homogeneous sand. These 
intervals are indicated in Fig. 1. The 
maximum values of resistivity given by 
the 16-in. and 64-in. curves were then 


- tabulated from each interval. So-called 


“tre” resistivities were then computed 
from these maximum values by use of 
“departure curves.” The procedure 
used in the computation was in accord- 
ance with the directions for use accom- 
panying the curves. 

Table II lists the depth intervals 
chosen in the Hawkins wells, the maxi- 
mum values of apparent resistivities 
given by the 16-in. and 63-in. curves in 
the various intervals, the “true” resis- 
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tivities computed from the apparent 
resistivities, the average resistivity of 
cores from each interval, and the num- 
ber of core samples upon which this 


‘ average was based. Also shown is the 


ratio of the average core resistivity to 
the computed log resistivity for each 
interval. 

An examination of Table II reveals 
that the log resistivity values, derived 
as described above, were, in general, 
materially lower than the average core 
resistivity values, even though the log 
resistivities were computed from the 
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FIG. 5 — RESISTIVITY INDEX VS. INTERSTITIAL 
WATER SATURATION 


extreme peak ‘value of apparent resis- 
tivity read from the log. The exceptions 
to this were Intervals H, J, and L. 

In Interval H only two samples were 
available for measurement of core re- 
sistivity, and these two samples were 
from the bottom of the interval. In In- 
terval LZ, where there was very good 
agreement between log and core values, 
it should be noted that both resistivities 
were relatively low. 

In Interval J, where the computed log 
value was much higher than the aver- 
age core resistivity, the 16-in. and 63-in. 
log curves showed a definite decline in 
resistivity from top to bottom of the 
section. Moreover, core analysis re- 
vealed a marked increase in water sat- 
uration from top to bottom of the inter- 
val. These facts cast doubt on the valid- 
ity of the practice of utilizing the peak 
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value of resistivity in estimating some 
mean resistivity of the interval. Perhaps 
of more importance, they also lead log- 
ically to the question of how, by the use 
of logs made with currently available 
equipment, one may distinguish be- 
tween resistivity effects which are pre- 
dominantly due to the geometry of 
equipment and strata, and those which 
are caused by real changes in rock tex- 
ture or fluid content. 


It is believed to be significant that the 
Hawkins log resistivities, either as read 
directly from the log or as corrected 
by the use of published departure 
curves, were generally lower than 
the core resistivities, whereas good 
agreement was obtained at Charlotte. 
It may be concluded from this that 
the effect of ordinary mud, in jux- 
taposition with resistant beds, in shunt- 
ing a portion of the electric current 
used in making the resistivity log may 
be quite serious, and that the various 
methods proposed in the past for cor- 
recting for this effect and for the anal- 
ogous effect of filtrate invasion are 
inadequate. Parenthetically, it may 
be observed that the use of wide 
electrode spacing, originally introduced 
to minimize the effects of the presence 
of mud and of filtrate invasion, usually 
offers no satisfactory solution to the 
problem because of the averaging effect 
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of the wide spacing. The average re- 
sistivity obtained with wide spacing 
ordinarily encompasses low resistivity 
shale streaks as well as the higher 
resistivity sand members of interest. 
The assumption under which very wide 
spacing is presumed to be of advantage, 
that the productive interval is a very 
thick, entirely homogeneous bed, is a 
naivete in the light of the actual tex- 
ture and bedding of most reservoir 
material. 


Insofar as the resistivity of a pro- 
ductive sand enters into the quantita- 
tive estimation of fluid content, it really 
matters little whether the resistivity is 
actually the true resistivity or whether 
it is some other quantity—provided, if 
it be some other quantity, that it bear 
some recognizable relation to the true 
resistivity or to the fluid content. 


The effect of fallaciously low electric 
log resistivities, when used in the esti- 
mation of interstitial water, is, in the 
absence of compensating errors, to 
make the computed water saturation 
too high. — 


Relation Between Water 
Content and Resistivity 


To investigate the relationship be- 
tween interstitial water content and re- 
sistivity, use was made of the results 
of analysis for interstitial water and 
the resistivity data obtained on the 
cores. Following the procedure used by 
Archie, the “resistivity index” was 
plotted against the interstitial water 
saturation expressed as a percentage 
of the total pore volume. The resistivity 
index is defined by Archie as the ratio 
of the core resistivity at a given satura- 
tion of interstitial water to the re- 
sistivity of the core completely satur- 
ated with interstitial water. Fig. 5 
shows a plot of these data for samples 
from the two Hawkins wells. Since most 
of the cores from the Charlotte well 
_ were altered during the process of sat- 
urating with salt water, no data from 
these determinations were considered. 
Shown in Fig. 5 is a dotted line repre- 
senting Archie’s relation of saturation 
to resistivity index, which he found 
to be approximately 


ie \ R, 
R 
S is the interstitial water saturation 
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where 


R, is the resistivity of the core com- 
pletely saturated with interstitial water 

R is the resistivity of the core at the 
interstitial water saturation considered. 

In general, the data points in Fig. 5 
lie above Archie’s line. For these par- 
ticular data a representation somewhat 
better than the square root relation is 
given by the empirical relationship 


R, 0.37 
ct) 
R 


Even for this relationship there is con- 
siderable deviation of individual deter- 
minations. 


Archie’s square root relation appar- 
ently was based primarily on data ob- 
tained in the laboratory with reason- 
ably clean sands. Since it is apparent 
from the data shown in Fig. 5 that the 
Hawkins samples did not conform very 
well to the square root relationship, it 
is reasonable to suppose that the sands 
found in-other reservoirs may also yield 
a different relationship. Indeed, Archie 
pointed out this possibility. 

It is interesting to note that the effect 
of the discrepancy between the square 
root relation and the relation indi- 
cated by Fig. 5 is such that the use 
of the square root relation in estimat- 
ing interstitial water content would, in 
the absence of other disturbing factors, 
yield erroneously low values for the 
particular sand cored in this study. 


Effect of Variation of Properties 
of Sand and of Interstitial Water 


It is generally recognized that varia- 
tions of porosity and of sand texture 
introduce some uncertainty into the 
values of interstitial water estimated 
from the electric log. To investigate 
the effects of these quantities, the for- 
mation factor, following Archie’s pro- 
cedure, was plotted against the porosity 
for all samples from the two Hawkins 
wells. This plot is shown in Fig. 6. 


ESTIMATION OF INTERSTITIAL WATER FROM THE ELECTRIC LOG 


Archie has found that the formation 
factor, which enters into the relation- 
ship between resistivity and interstitial 
water saturation, is in turn related to 
the porosity and other textural prop- 
erties of a sand by the relation 

F _ ase 
where 


F is the formation factor, i.e., the 
ratio between the resistivity of a sand 
completely saturated with brine to the 
resistivity of the brine alone, 


P is the sand porosity, expressed as 
a fraction, 

m is a “cementation factor,” depend- 
ent upon the cementing material asso- 
ciated with the sand. 


Archie has reported that the value of 
m varies from about 1.3 for clean, un- 
consolidated sands to more than 2 for 
well-cemented or silty sands. 


In Fig. 6, should Archie’s relation 
between formation factor and sand tex- 
ture hold, and should the sand samples 
under consideration not vary too much 
in textural characteristics, the data 
points would be expected to lie along 
a straight line of slope —m. Although 
the data cannot very well be repre- 
sented by a straight line of reasonable 
slope, the line joining the center of 
mass of the points with the lower right- 
hand corner of the graph has a slope 
of about —1.7, which is a reasonable 
value of Archie’s cementation factor for 
the moderately clean Woodbine sand 
at Hawkins. 


Individual values of m, as computed 
from the data on each core sample, 
ranged from slightly over one to almost 
three. In view of this large spread, an 
effort was made to determine whether 
or not a relation exists between the 
value of m for a particular sample and 
the content of clay as reflected by the 
Mounce potential. The results of this 
examination were inconclusive. 


Table Ill 


Comparison of Average Water Saturation Values Computed from Point 
Resistivities with Saturations Found by Core Analysis — Hawkins Wells 


Upstructure Downstructure 


Well Well 
Average Saturation from Core Analysis 8.5% 31.8% 
Average Saturation Computed from 16” Normal Curve 13.4 21.3 
Average Saturation Computed from 63” Normal Curve 15.6 33.8 
Average Saturation Computed from 25’ Lateral Curve 18.0 41.3 
Average Saturation Computed from Single Electrode Curve 16.6 26.9 
Average Saturation Computed from 4Z18 Curve 3 14.7 26.0 
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It is evident from the scattering of 
the data shown in Fig. 6 that additional 
information on the geometry and tex- 
tural characteristics of sands is urgent- 
ly needed. 


In spite of the apparent lack of cor- 
relation of porosity with other textural 
characteristics of Hawkins samples, it 
is felt that only minor errors are intro- 
duced by variation of sand texture 
alone into the estimation of interstitial 
water from the electric log. 


The variation of salinity of the inter- 
stitial water in the samples both from 
Hawkins and from Charlotte was much 
greater than had been anticipated. In 
the case of the two wells in the Haw- 
kins field, the variation of salinity was 
found to be erratic over short intervals, 
but with a definite trend of increasing 
salinity with increasing depth. This 
is shown by Fig. 7, in which the salinity 
is plotted against subsea depth for 
- both of the Hawkins wells and for the 
Charlotte well. The salinity of water 
produced from wells low on structure 
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FIG. 7 — SALINITY OF INTERSTITIAL WATER VS. SUBSEA DEPTH 
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in Hawkins is approximately equal to 
the average salinity of the interstitial 
water found in the structurally lower 
well, which penetrated the water pro- 
ducing zone. There was no apparent 
correlation of salinity with either sand 
texture or shale content of 
samples. 


these 


Because of the short interval included 
in the productive section of the Char- 
lotte well it was not possible to deter- 
mine whether or not there was a trend 
of salinity with depth. Contrary to ex- 
perience in the Hawkins field, however, 
there appeared to be a well-defined 
trend in the Charlotte samples of de- 
creasing salinity with increasing shale 
content of the cores as reflected by the 
Mounce potential. This is illustrated in 
Fig. 8. The more silty samples, which 
yielded higher potentials, had substan- 
tially lower salinities than the cleaner 
ones. The water produced from an edge 
well in this field, which may be pre- 
sumed to flow from a permeable sand 
member having a low Mounce poten- 
tial, had a salinity of approximately 


-30,000 ppm. This salinity is close to 


that indicated by the curve in Fig. 8 
for a sample of zero Mounce potential. 


It is evident from Figs. 7 and 8 that 
variation of salinity may complicate 
the problem of estimating the inter- 
stitial water content of a reservoir sand 
from the electric log. Since, however, 
the effect of salinity of interstitial water 


‘on the resistivity is relatively small, 


such a variation probably introduces 
only minor errors into the estimation. 
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FIG. 8 — MOUNCE POTENTIAL VS. SALINITY 
OF INTERSTITIAL WATER, CHARLOTTE CORE 
SAMPLES 


Comparison of Estimated Water 
Saturation with Saturation 
Determined by Analysis 


In the preceding discussion, it has 
been pointed out that the apparent re- 
sistivities read from the electric log 
were generally too low. It has been 
shown that the relation found to obtain 
between true resistivity and water sat- 
uration deviated from the square 
root relation, and that the use of the 
true resistivity in the square root 
relation should yield computed values 
of interstitial water saturation which 
are lower than the actual values. It fol- 
lows that the deviation from the 
square root relation was such that it 
tended to compensate for the error in- 
troduced by use of the resistivity values 
from the electric log. Although only 
a limited amount of data has been con- 
sidered, it seems logical to suppose 
that the two major sources of error are 
present to some extent in practically 
all cases. If, therefore, the successful 
estimation of water content from the 
electric log depends on the compensa- 
tion of errors which may. not always be 
compensatory, it is not surprising that 
the method has reputedly yielded very 
good results in some cases, and results 
of questionable value in others. 


To investigate this possible compen- 
sation of errors, the water saturations 
computed by the use of various electric 
log curves obtained with different elec- 
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trode configurations in the Hawkins 
wells were compared with the satura- 
tions found by analysis. The resistivity 
index used in these computations was 
obtained from that portion of the elec- 
tric log run in the water zone, and was 
checked by computation from the aver- 
age formation factor for the reservoir. 
The use of a single average value of the 
resistivity index implies, of course, the 
use of average values of porosity, salin- 
ity of interstitial water, and textural 
factor. 

Fig. 9 shows this comparison for the 
various electrode configurations em- 


ployed in the downstructure well. In 
this figure both the interstitial water 
saturations found by core analysis and 
the saturations estimated from the point 
values of apparent resistivity read from 
the electric log at corresponding depths 
are plotted against depth. A compari- 
son of the average values of the produc- 
tive intervals in both the downstructure 
and the upstructure wells is shown in 
Table III. 

It is interesting to note in Fig. 9 and 
in Table III that the average interstitial 
water saturations computed from all 
electrode configurations look entirely 
reasonable in spite of the fact that all 
of the various resistivity curves yielded 
values which were generally different 
from the true resistivities as revealed by 
measurements on cores. Parenthetically, 
though the average values of water sat- 
uration estimated from point resistivity 


values in the upstructure well were con- 
siderably in error percentagewise, at 
low water saturations a_ fairly 
large percentage error is of little con- 
sequence either from the standpoint of 
computation of reserves or from the 


such 


standpoint of prediction of fluid pro- 
duction. 


Reference to Fig. 9 shows that per- 
haps the best concordance between es- 
timated and analytical values for the 
downstructure well is seen in the case 
of saturations estimated from the im- 
pedance curve obtained with a single 
electrode. Heretofore, the use of the 
single electrode device has been ques- 
tioned because of the difficulty of con- 
version of impedance values given by 
the device to earth-resistivity values. It 
has been assumed that the values given 
by multielectrode devices are more eas- 
ily converted to true resistivity values. 
The Hawkins data indicate that diff- 
culties attend the use of either device. 


Table IV shows a comparison be- 
tween the water saturation values esti- 
mated from the maximum resistivity 
values read from the electric log for 
each of the intervals considered previ- 
ously, and the average water saturations 
found by core analysis for the corre- 
sponding intervals. 

Again, in general, all of the esti- 
mated values of water saturation appear 
entirely reasonable. Better correspond- 
ence with analytical values was ob- 
tained by this procedure than was ob- 
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tained by use of the point resistivity 
values. 

It will be remembered that the only 
intervals in which the log resistivities 
were higher than the average core re- 
sistivities were intervals H, J, and L. 
In interval Z, in which there was very 
‘good control from the standpoint of 
number of samples, there was very 
good agreement between log and core 
resistivities. It is interesting to note 
in Table IV that the interstitial water 
saturation estimated from the log re- 
sistivity for interval L is much lower 
than the saturation found by analysis. 
This circumstance corroborates the re- 
marks made previously on the lack of 
conformance of the Hawkins core sam- 
ples to the square root relationship be- 
tween water saturation and resistivity. 

It is apparent from Fig. 9 and from 
Tables II and III that the errors in re- 
sistivity and in the relation between 
true resistivity and water saturation 
were compensated fairly satisfactorily 
in the Hawkins wells. The estimation of 
the water saturation throughout this 
particular field by use of the electric 
log might, therefore, be undertaken 
with some confidence. This may not be 
true in other fields, however, particular- 
ly where conditions are such that er- 
ratic logs are obtained. 

In illustration of the latter point, va- 
rious cases have been observed’ in 
which any attempt to estimate quanti- 
tatively the interstitial water content 
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Average Saturations Found by Core Analysis — Hawkins Wells 
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Table V- 


Comparison of Average Water Saturation Values Computed from Point 


Resistivities with Saturations Found by Core Analysis — Charlotte Well 
Average Saturation from Core Analysis 


68.0% 
Average Saturation estimated from log, using relation, 
: R, 
S = 100 = 53.2% 
L 
Average Saturation estimated from log, using relation, 
R 0.37 
= 100( =) 62.5% 
R 


of producing sands would have yielded 
ridiculously high values because of re- 
sistivities which were much too low. 
The electric logs may have been de- 
ficient because of faulty equipment, 
faulty operation, or because of circum- 


. stances beyond control. Regardless of 


the cause of spuriously low resistivities, 
had complete reliance been placed on 
the quantitative interpretation of the 
electric log some very good producing 
sands might have been condemned. 

It will be remembered that there was 
very good agreement between the re- 
sistivities measured on the cores and 
point values read from the electric log 
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run in oil-base fluid in the Charlotte 
well. It is instructive to compare the 
interstitial water saturations computed 
from these resistivities by use of the 
square root relationship between re- 
sistivity and saturation with that com- 
puted by use of the exponential rela- 
tionship found to apply better to the 
Hawkins samples. Table IV shows com- 
parisons of the water saturation esti- 
mated by use of both relationships with 
the water found by analysis. 

When the square root relationship 
was used, the computed water satura- 
tions were too low, as might be ex- 
pected from a consideration of the di- 


oO 20 40 60 80 100 


0 20 40 60 80 100 
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rection of the error introduced by this 
relationship. When, however, the expo- 
nential relationship found to apply 
for Hawkins was used, the agreement 
between computed and_ determined 
water saturations was fairly good. This 
may have been happenstance, or it may 
indicate a similarity in some undefined 
textural features of Hawkins Woodbine 
and Charlotte Navarro sands. 


CONCLUSIONS 


The following conclusions and gen- 
eralizations may be drawn from this 
work: 


1. The apparent resistivities of high- 
resistivity beds read from electric logs 
made in ordinary mud were generally 
much lower than the true resistivities 
of the strata as revealed by core resis- 
tivities. This is also undoubtedly true 
in many cases other than those studied. 

2. Existing methods for deriving true 
resistivities from the apparent resistivi- 


ties of logs made in ordinary mud were 


ineffectual. It is believed that this is 
likewise true in the general case in 
strata of high resistivity. 
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3. The square root relation between 
the interstitial water saturation and the 
true resistivity which has been proposed 
failed to conform to the data obtained 
in this study. 


4. Variations in salinity of intersti- 
tial water and in the texture of reser- 
voir sands complicated the estimation of 
interstitial water from the electric log, 
but these factors alone probably con- 
tribute only minor errors to the aver- 
age values of water saturation com- 
puted from the electric log. 


5. The successful estimation of inter- 
stitial water saturations from the elec- 
tric log appears to depend upon the 
compensation of errors introduced by 
use of erroneous resistivity values and 
by use of a questionable relation of 
water content to true resistivity. 


These conclusions in themselves do 
not furnish a direct answer to the all- 
important question of how much re- 
liance can be placed in the values of 
interstitial water content of sands esti- 
mated from the electric log. It is evi- 
dent, however, that there definitely can 
be cases in which estimates made from 
the electric log are seriously in error. 
-The existence of such cases, even in 
the absence of any knowledge as to the 
frequency of their occurrence, limits 
the utility of the method. 


In considering the reliability of the 
method, it should be borne in mind 
that fallacious results may be caused 
not by the introduction of an error of 
infrequent occurrence, but by the ag- 
gravation of one of the several sources 
of error generally present, and, in par- 
ticular, by the failure of errors in op- 
position to cancel. 


These considerations preclude the 
use of the water saturation estimated 
from the electric log as what might be 
called a “primary standard.” For this 
purpose there is at present no substi- 
tute for competent core data. If, how- 
ever, sufficient information in a par- 


ticular field or locality demonstrates the - 


agreement of estimates made from the 
electric log with determination made 
on cores, the electric log method may 
be profitably used as a “secondary stan- 
dard.” In such case estimates of water 
saturation may be made with some as- 
surance for parts of the field or locality 
where core data are not available. In 
this usage estimates made from the 
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electric log may effect substantial sav- 
ings in coring costs. 

With regard to the possible improve- 
ment of estimates of interstitial water 
made by use of the electric log, the 
most critical weakness lies in the re- 
liability of the resistivity curve. Pos- 
sibly the development of new logging 
techniques and improvements of pres- 
ent practice may alleviate some of the 
difficulties experienced at present. Even 
if better electric logging devices or tech- 
niques become available, both logging 
companies and users of logs must -still 
maintain constant vigilance to assure 
intelligent utilization and interpretation 
of the electric log. 
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DISCUSSION 


By G. E. Archie, Shell Oil Co., Hous- 
ton, Tex., Member AIME 


There appears to be some question 
about the basic data used to reach the 
conclusions. This -is shown in Fig. 3, 
which compares resistivity measure- 
ments made on cores with correspond- 
ing electrical log resistivities. It can be 
seen that no relation or trend exists. 
Certainly the electrical resistivity log is 
related to the resistivity of the forma- 
tions, and if this cross check cannot be 
made, it appears to me that no con- 
clusions using core resistivities can be 
made on this well, let alone applying 
the conclusions generally to the 
industry. 


No doubt the author took all pos- 
sible precautions in making measure- 
ments of the core. In spite of this, how- 
ever, it is very difficult to make good 
electrical contact with the water net- 
work when the water content is low. 


It is highly improbable that the re- 
sistivity curves recorded in the bore 
hole are in error by a factor of 10 to 
100 because of the recording equip. 
ment. Several different curves were re- 
corded in two different wells; also, 
these logs can be compared with ad- 
joining wells. 

The above indicates that the data in 
Fig. 5 are controversial and actually the 
equation, S = (R,/R)°*”, when applied 
to the electrical logs, would result in 
considerable error. 


Fig. 6 is questionable, for it is hardly 
conceivable that the resistivity of a 
water-bearing sand could vary five-fold 
for the same porosity. 

I would like to make the following 
comments on the author’s conclusions: 

Conclusion 1: This conclusion is 
based on resistivity measurements made 
on cores. Fig. 3 indicates conclusions 
based on these measurements are not 
valid. 

Conclusion 2: There is no reason to 
discredit departure curves, as they are 
straightforward calculations using spe- 
cific geometry. Application to specific 
well conditions can be made only after 
accounting for this geometry. 


Conclusion 3: The author states that 
the square root relation failed to con- 


form to the data. Actually, this rela- 
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NEW BRUNSWICK, CANADA (LIMEY SANDSTONE) 


tion when applied to the resistivity log 
checked well with the actual water 
found in the cores, see Table III, and 
Fig. 1 for relatively uniform intervals 
where the maximum resistivity value is 
representative of the interval. The au- 
thor’s conclusions are based on what 
may be erroneous resistivity measure- 
ments of cores. 

Conclusion 4: The basis for this con- 
clusion is not well grounded, for the 
author’s basic data do not correlate 
(Fig. 3). 

It is‘unfortunate that the experiment 
was performed on a reservoir with such 
low connate water, making the resistiv- 
ity measurements of cores difficult. 

. However, the remainder of the data are 
useful (Table III), for it adds another 
oil-producing reservoir to the list that 
has been cored with oil base mud and 
the connate waters check reasonably 
well with the equation, 


Sa yo ie 
‘For completeness, I would like to 
present a chart from a paper I gave at 
the Houston Geological Society meeting 
of September 12, 1949. This chart pre- 


- sents the resistivity ratios versus water 


saturation of six different reservoirs. 
The resistivity measurements were made 
on the cores as they were extracted 
from the well and the water saturation 
determined in the laboratory. Note that 
the average trend is close to the square 
root relation predicted several years 
ago for sandstone formations “in situ;” 
saturation exponent n equals about 1.9 
(where n = 2 for the square root rela- 
tion when the formula is written 


S = (R./R). 
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It should be pointed out that no cores 
containing less than about 10 per cent 
water saturation are recorded. This 
point was mentioned previously;’ it 
was stated that the approximate equa- 
tion, S = (R./R)*/", applies for water 
saturations down to about 15 to 20 per 
cent. It appears now that this limit may 
be extended to about 10 per cent or 
even below in some cases, as Table III 
appears to indicate. 

I do not agree with the author’s fur- 
ther conclusion: “With regard to the 
possible improvement of estimates of 
interstitial water made by use of the 
electric log, the most critical weakness 
lies in the reliability of the resistivity 
curve.” I am of the opinion that the 
experiments indicate that much can be 
done to improve the sampling prepara- 
tion and laboratory measurement of the 
resistivity of cores. 


REFERENCE 


1. G. E. Archie: AAPG (May, 1950) 
34. KKK 


AUTHOR’S REPLY TO G. E. ARCHIE 

I gather from Archie’s comments 
that his concern results primarily from 
failure of the log resistivities to agree 
with the core resistivities. I gather; 
furthermore, that he has more faith in 
the former than in the latter. 

As I understand Archie’s views, he 
believes that the core resistivities are 
questionable because 

1. No relation or trend is discernible 

in Fig. 3. 

2. It is very difficult to make good 

electrical contact with the water 
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network (in the cores) when the 
water content is low. 

3. It is highly improbable that the 
resistivity curves recorded in the 
bore hole are in error by a factor 
of 10 to 100. 

The fact that there was no discern- 
ible quantitative relation between core 
resistivities and log resistivities need 
not mean, in itself, that the former are 
wrong and the latter right. I have pre- 
ferred to examine the probable error in 
each, and to choose as the more correct 
that measurement least subject to er- 
ror. It may be pertinent to review the 
probable errors involved both in the 
measurement of core resistivities and 
in the measurement of earth resistivi- 
ties by means of the electric log. 

In the measurement of the resistivity 
of a core there may always arise errors 
due to the human factor—the mis- 
reading of a meter, the misplacing of a 
decimal in the computation, etc. Such 
errors may also occur occasionally in 
the measurement of earth resistivity by 
the electric log, or of any other physi- 
cal quantity. I do not believe that 
Archie had such errors in mind, and 
see no occasion to dwell upon this 
source of uncertainty. 

Undoubtedly, the possibility of error 
in core measurements due to improper 
contact with the water network deserves 
consideration. Such an error might 
have its origin in either or both of two 
sources: first, microscopic inhomogene- 
ity of the core material which might 
result in paths of different resistance 
being tapped at various positions of the 
potential probes used in the four-elec- 
trode configuration; and, second, high — 
electrode resistance in the measuring 
circuit. Actually, the first of these pos- 
sible sources of uncertainty was dem- 
onstrated to be of no consequence in the ~ 
cores under test by the close agreement 
of multiple determinations made at dif- 
ferent positions on the cores. The sec- 
ond possible source of error, that of 
high electrode resistance, is, I imagine, 
what Archie had in mind as a major 
source of error. 

Although there may be some effect 
due to high electrode resistance, con- 
sideration of the basic principles of the 
resistance measurement shows that the 
effect is to make the measured resist- 
ance of the core, and consequently its 
resistivity, too Jow. Hence, the elimina- 
tion of any error from this source 
would lead to a wider disparity between 
core and log resistivities than that 
shown in Fig. 3. Fortunately, actual 
rough measurements of the electrode 
resistances demonstrated them to be of 
reasonable magnitude and of little 
significance. 


307 


T.P. 2936 


In spite of the fact that I can visual- 
ize no serious errors which might have 
attended the measurement of the core 
resistivities, it should not be thought 
that these measurements were of a high 
degree of accuracy. They were not in- 
tended to be, nor was there any neces- 
sity for them to be. 

In examining the possible errors 
involved in log resistivities, one must 
differentiate between those incurred in 
the physical measurements actually 
made and those which arise when the 
results of these measurements are con- 


verted to resistivity. The physical quan- 


tities actually measured in electric log- 
ging by use of a multielectrode system 
are the current flowing between the cur- 
rent electrodes and the potential be- 
tween the potential electrodes. Even 
though errors from instrumental or hu- 
man sources may sometimes inadver- 
tently occur, I do not question the 
ability of the electric log in the usual 
case to reflect the potential difference 
between the pickup electrodes for a 
given current input. 

If the electrodes are points in an in- 
finite homogeneous medium, the com- 
putation of the resistivity of the me- 
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dium from the current input and from 
the potential difference is not a par- 
ticularly difficult problem. Such an 
ideal case, however, is never met in 
practice. In reality, the electrodes are 
not points, there exists a low resistance 
path between them through the mud in 
the hole, and, of paramount impor- 
tance, the earth material of interest is 
not of infinite extent and most decidedly 
is not homogeneous or isotropic. 

One may refer to the many excellent 
and instructive papers written by 
Guyod to gain an idea of the complexi- 
ties of the problem of deriving earth 
resistivities from the quantities actually 
measured by the logging equipment. 
When it is recalled that the cases dealt 
with by Guyod are usually extreme sim- 
plifications of reservoir stratigraphy, it 
is obvious that the values of “resistiv- 
ity” read from the electric log are sub- 
ject to question. 

A comparison of the nature and mag- 
nitude of the probable errors attending 
the measurement of core resistivity with 
those incurred in the determination of 
resistivity by the electric log leads me 
to conclude that the core resistivities 
are the more reliable. 
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I am somewhat puzzled by Archie’s 
allusion to departure curves as 
“straightforward calculations using spe- > 
cific geometry.” If Archie refers to the 
application of published departure 
curves as being a straightforward pro- 
cedure, I am not sure that I agree. If 
Archie refers, on the other hand, to the 
derivation of the curves being a matter 
of straightforward deduction from logi- 
cal assumptions, I am quite sure that 
I must abstain from agreeing. To the 
best of my knowledge I have never seen 
a complete published exposition of the 
derivation. From the results obtained 
by their use at Hawkins, I must con- 
clude that published departure curves 
are deficient in yielding the true resis- 
tivity of high resistance strata. 


I do not believe that the determina- 
tion of the true resistivity of reservoir 
material by electrical measurements 
made in the borehole presents insur- 
mountable difficulties. I do believe that 
our methods used to date have short- 
comings, and that a prerequisite to fu- 
ture progress is the recognition of these 
shortcomings in order that they may 


be rectified. kk * 
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THE EFFECT ON WELL PRODUCTIVITY OF FORMA1ION 
PENETRATION BEYOND PERFORATED CASING 


JAMES M. McDOWELL AND MORRIS MUSKAT, MEMBER AIME, GULF OIL CORP., PITTSBURGH, PA. 


ABSTRACT 


A report is given of electrical analog experiments on the 
effect of casing perforation completions on well productivity 
for ideal uniform reservoirs under steady state homogeneous 
fluid flow conditions. Graphical results are presented for the 
effect of perforations of different densities and various degrees 
of penetration into the formation surrounding the casing or 
cement sheath. The latter range from perforations ‘which 
terminate flush with the casing to those which extend into the 
formation a distance equal to the casing diameter. For the 
special case where the perforations terminate immediately 
beyond the casing with semi-spherical protrusions the electri- 
cal analog results correct and supersede previously reported 
theoretical calculations. It is found that the penetration of the 
perforations into the surrounding productive section may so 
increase the resultant productivity as to approach or even 
exceed that for open hole completions. 


INTRODUCTION 


A theoretical analysis of the effect of casing perforation on 
well completion, without additional penetration of the forma- 
tion, was reported several years ago.’ In this treatment the 
perforations were represented by mathematical sinks and no 
explicit account was taken of the imperviousness to flow of 
the casing in which the perforations were made. This proce- 
dure was justified by consideration of the mutual interference 
between the sinks, which seemed to indicate that the analytical 
method automatically eliminated flow across the casing radius 
between the perforations. However, both further theoretical 
jnvestigation and the electrical analog measurements described 


below showed that this assumption in the previously .devel- 


oped theory was not valid and that the calculated well capaci- 
ties would considerably exceed the correct values.§ 


Even if this simplifying assumption were retained the gen- 
eralization of the theory to situations where the perforations 
extend into the producing formation would be extremely 


Reference given at end of paper. 
Manuscript received in the office of the Petroleum Branch January iy 


1950. 


Similar results with. respect to perforations which do not penetrate 
ie the formation have been recently reported by R. A. Howard and M. 
S. Watson, Jr., Jnl. Petr. Tech. (1950), 2, 179-82. 
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difficult. On the other hand, the electrolytic model analog of 
this type of steady-state homogenous fluid system is, in prin- 
ciple, so simple that it has not been worthwhile to attempt to 
develop the exact analysis even for the more limited case of 
strict casing perforation. The whole problem has therefore 
been studied anew by electrical models to cover the range 
from holes in the casing which terminate flush with the casing 
surface to such as extend into the surrounding rock to a depth 
equal to the casing diameter. 


It is to be expected that the productivity of a well completed 
with casing radius* r,, perforated with holes of radius 7,, 
and extending to depths d into the surrounding rock, would 
depend primarily on the dimensionless geometrical parameters 


eT ; 
of the system, such as —, —, —, and —, where r, is the 
Rees Tee 


external boundary radius and a is the mean vertical separa- 
tion between the perforations. It will also depend, of course, 
on the number of perforation lines or total perforation density. 
While such parameters automatically control analytical treat- 
ments, it would require a very extensive series of model experi- 
ments to fully disclose their functional effect on the well pro- 
ductivity. For practical purposes, however, a rather limited 
range of the variables suffices to give the effects of interest. 
Accordingly, in the experimental study reported here the 
casing diameter has been kept fixedt at six in., the perforation 
diameter has been taken as either one-fourth in. or one-half 
in., their density has been varied from one to eight per ft, 
and their penetration into the formation has ranged from zero 
to six in., with a primary scaling factor of one to six. 


EXPERIMENTAL METHOD AND RESEARCH 


Although electrolytic model experiments have been made 
for years, there still seems to be some question as to what set 
of conditions will give the best results. For this reason a 
number of electrode materials and electrolytes were tried. 
Those chosen for the final experiments were copper electrodes 
and a weak copper sulphate solution as the electrolyte. This 


*Assuming that the casing has been cemented with a uniform and im- 
permeable cement sheath, the effective casing radius is to be interpreted 
as the external radius of the cement annulus. It is also assumed here that 
the casing is set through the complete producing section, that it is 
perforated throughout with a uniform density and that the formation 
has a constant and isotropic permeability. 


+As noted later, however, a uniform scale change permits reinterpret- 
ing the primary measurements to correspond to a casing diameter of 12 in. 
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THE EFFECT ON WELL PRODUCTIVITY OF FORMATION PENETRATION 


BEYOND PERFORATED CASING 


1—A PHOTOGRAPH OF SEVERAL MODEL WELL SYSTEMS FOR 


FIG. 
PERFORATED CASING COMPLETIONS. 


combination gave electrical stability and satisfactory accuracy, 
as established by a number of experimental checks with the- 
oretical calculations for simplified systems. 

The model consisted of a cylindrical tank four feet in diam- 
eter with a plywood bottom coated with paraffin, and a stain- 
less steel wall lined with thin copper foil about six in. high. 
This tank was filled with a weak CuSO, solution to a depth of 
two in. (one lb of CuSO, in 15.6 gal of distilled water). The 
open well was represented by a one in. dia. copper rod placed 
at the center of the tank. The well casings were represented by 
one in. OD polystyrene tubing closed at one end. The perfora- 
tions were represented by copper wire electrodes extending 
through the tubing. The copper wire and foil were cleaned 
with nearly concentrated nitric acid just prior to making the 
measurements. A General Radio Bridge type 650-A was used 
in making the resistance measurements, with an external 1,000 
cycle signal source. 


The well models representing the well, where only the cas- 
ing is perforated and no hole is made in the formation, had 
the ends of the wire electrodes smoothed off flush with the 
polystyrene tubing. Models were made with 1, 2, 4, and 8 
electrodes representing a corresponding number of perfora- 
tions per ft. A ratio of one to six related the model to the 
actual reservoir units, so that the two in. depth represents 
one ft. Various perforation patterns were used, but the results 
indicated that no detectable variation in productivity was 
apparent whether the perforations were all on one vertical 
line of the casing or evenly distributed around it. In each 
case, however, vertical symmetry was maintained so that the 
measurement would correspond to a horizontal layer of the 
-eservoir one ft thick, representing a unit of symmetry in the 
composite system of arbitrary thickness. Perforations of one- 
half in. dia were represented by No. 12 A.W.G. copper wires 
(0.081 in. dia) and one-fourth in. dia. perforations were repre- 
sented by No. 18 A.W.G. copper wire (0.040 in. dia). 


To represent wells in which the perforating bullet or charge 
produced a hole in the formation extending beyond the casing 
and cement sheath models. were made in which the wire elec- 
trodes protruded horizontally out from the tubing a corre- 
sponding distance. Models were made with semi-spherical 
protrusions only, and others with the wires extending one- 
fourth in., one-half in., and one in., which correspond to ratios 
of one-fourth, one-half and one with the casing diameter. A 


*While probes of the actual potential distributions in the models showed 
slight variations near the external boundaries, these were considered 
to be of negligible importance. 
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photograph of several of these model well systems is repro- 
duced in Fig. 1. 

It was assumed* that the flow would be essentially radial ~ 
in the reservoir at a distance from the well corresponding to 
the radius of the tank. This distance was equivalent to 12 ft. 
It is necessary then to add to the resistance measured for each 
model the value of the calculated resistance for the area be- 
yond the tank extending to the radius of drainage, which was 
chosen as 660 ft, as used in the previous theoretical calcula- 
tions. The ratio of the productivities for any perforation pat- 
tern to that of the uncased well will be equal to the inverse 
ratio of their total resistance measured or calculated to the 
radius of drainage. 

If R,, equals the measured resistance in the tank of radius 
r., R, equals the total resistance to the radius of drainage r. 
expressed in units of the model, and R, equals the resistance 
between the radius of the tank and the radius of drainage, 
then: 


VS eee hig od 1S TS, Si oa ie eas ae ie Pe so) 
log r./To 

paar n 2 Seat Se Spee ue Se (Cs) 
2rh 


where p is the resistivity of the electrolyte and / is its thick- 
ness. 
For the open or uncased well, 
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Using the measured value of resistance of the tank, with the 
one in. dia copper electrode, of 41.5 ohms, the value of p as 
calculated from Equation (4) = 342.2 ohm-cm. From Equa- 
tion (3) we find R, = 84.4 ohms, and from Equation (2), 
R, = 42.95 ohms. The ratio of the productivities of a cased 
well with a given pattern of perforations and the open well is 
therefore given by: 
R, (open well) 84.4 . 
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The ratios thus calculated are plotted in Fig. 2 for one-half 
in. dia perforations and six in. dia casing, and in Fig. 3 for 
one-fourth in. dia perforations and six in. dia casing. By 
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FIG. 2—THE EFFECT OF THE PERFORATION DENSITY ON THE PRO- 
DUCTIVITY OF PERFORATED CASING COMPLETIONS, WITH VARIOUS 
PERFORATION PENETRATIONS INTO THE PRODUCING FORMATION. 
Q; Qo = (PRODUCTIVE CAPACITY OF CASED AND PERFORATED WELL) / 
(PRODUCTIVE CAPACITY OF UNCASED WELL). CASING DIAMETER = 
SIX IN.; PERFORATION DIAMETER = ONE-HALF IN. 
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changing the ratio between the model and the reservoir dis- 
tances to one-twelfth instead of one-sixth and recalculating 
R., Ra and the ratios Q/Q,, the curves of Fig. 4 were obtained 
for one-half in. dia perforations and 12 in. dia casing.* Since 
this scale transformation must also be applied to the perfora- 
tion density, the original data of Fig. 3 apply only to perfora- 
tion densities as high as four per ft. The recalculated curves 
have therefore been extrapolated for the higher perforation 
densities, as indicated by the dash segments in Fig. 4. 


Replotting the data of Figs. 2 and 3 for fixed perforation 
densities while varying the formation penetration the curves 
of Fig. 5 are obtained. Here the depth of the perforation has 
been expressed in units of the casing or cement sheath diam- 
eter to provide a dimensionless measure of this parameter. 
Along the ordinate axes are plotted the relative productivities 
for the perforations terminating flush with the casing or 
formation surface. For plotting purposes the data for the semi- 
spherical protrusions were arbitrarily assumed to have “pene- 
trations” equal to the perforation diameter divided by the 
casing diameter. 

To show the relative effect of the casing diameter on the 
well productivities, the basic data have been further replotted in 
Fig. 6. The solid curves are for a six in. dia casing (well bore) 
and are the same as the solid curves of Fig. 5. The dashed 
curves are for a 12 in. dia casing, but all other parameters 
are the same. It will be noted that, except for nearly zero 
penetration, the relative productivity for the same relative 
penetration increases with the casing diameter, but this is 
largely the result of the penetration into the formation being 
greater-in actual depth. Where the perforations merely pene- 
trate the casing and cement, the relative productivity 0/Q, 
is slightly less for the larger diameters. The reason is that 
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FIG. 3 — THE EFFECT OF THE PERFORATION DENSITY ON THE PRO- 
DUCTIVITY OF PERFORATED CASING COMPLETIONS, WITH VARIOUS 
INTO THE PRODUCING FORMATION. 


(PRODUCTIVE CAPACITY OF UNCASED WELL). CASING DIAMETER — 
SIX IN.; PERFORATION DIAMETER = ONE-FOURTH IN. 


*This conversion can also be made by applying the rigorous equation: 
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where Q/Qo is the relative productivity for a known case corresponding 
to a drainage radius re, well radius rw, perforation radius Tp, perforation 
penetration d, and m perforations per ft; and (Q/Qo)’ is the relative 
productivity for 7, c rw, ¢ rp, cd, and n/c, where c is the common scal- 
ing factor. - : 
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FIG. 4—THE EFFECT OF THE PERFORATION DENSITY ON THE PRO- 
DUCTIVITY OF PERFORATED CASING COMPLETIONS, WITH VARIOUS 
PERFORATION PENETRATIONS INTO THE PRODUCING FORMATION. 
Q/Q > = (PRODUCTIVE CAPACITY OF CASED AND PERFORATED WELL)/ 
(PRODUCTIVE CAPACITY OF UNCASED WELL). CASING DIAMETER = 
12 IN.; PERFORATION DIAMETER = ONE-HALF IN. DASHED SEGMENTS 
ARE EXTRAPOLATIONS. 


whereas the area of the perforation holes through which the 
fluid can enter the casing is the same in both cases, the area 
through which the fluid would enter the uncased well increases 
with increasing diameter. This results in a larger open hole 
productivity Q, for the larger size well, but a smaller value 
for the ratio, Q/Q,. For the same reason, the relative produc- 
tivities for fixed absolute depths of penetrations will be some- 
what smaller for the larger casing diameters. 


DISCUSSION 


Perhaps the most significant implication of the results ~ 
plotted in Fig. 2-4 is the marked increase in relative well 
productivity resulting from even limited degrees of extension 
of the perforation holes into the producing formation. An 
appreciable increase is indicated even for the simple extension 
of the flush perforations so as to have nothing more than semi- 
spherical protrusions.* Moreover, as the formation penetra- 
tion is increased, the resultant productivity, for densities of 
four per ft or greater, approaches and may even exceed that 
for the open hole completion. However, as is to be expected, 
the added gains from increased penetration continually de- 
cline, so as to give an asymptotic character to the curves of 
relative productivity vs. penetration as indicated in Fig. 5. It 
will be noted also from Fig. 5 that whereas the well produc- 
tivity is quite sensitive to the perforation radius at zero or 
low penetration depths, at high values of the latter the per- - 
foration radius, if uniform, becomes of little importance. 


To check on the effect of the assumption that the holes 
penetrating the formation beyond the steel casing are strictly 
uniform, several additional experiments were performed using 
uniformly tapered perforation electrodes of one-half in. equiv- 
alent diameter at the casing. It was found that for a perfora- 
tion density of one per ft, the tapering would reduce the rela- 
tive productivity by 9.1 and 12.2 per cent for penetrations of 
25 per cent and 100 per cent of the casing diameter respec- 
tively. The corresponding reductions for a perforation density 
of four per ft were 4.7 and 9.0 per cent respectively. For still 


*The previously mentioned theoretical treatment, which referred to 
such perforations, gave relative productivities exceeding those indicated 
in Figs. 2-4 by 25-70 per cent, depending on the perforation density. 
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THE EFFECT ON WELL PRODUCTIVITY OF FORMATION PENETRATION 


BEYOND PERFORATED CASING 
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Penetration depth in units of well diameter 

FIG. 5— THE EFFECT OF THE DEPTH OF PERFORATION PENETRATION 
INTO THE FORMATION SURROUNDING THE CASING ON THE WEILL 
PRODUCTIVITY FOR VARIOUS PERFORATION DENSITIES. Q/Q. = 
(PRODUCTIVE CAPACITY OF CASED AND PERFORATED WELL)/(PRO- 
DUCTIVE CAPACITY OF UNCASED WELL). CASING DIAMETER = SIX 
IN.; ——— PERFORATION DIAMETER = ONE-HALF IN.; — — — — PER- 
FORATION DIAMETER = ONE-FOURTH IN. 


higher perforation densities the effects of the hole tapering 
would be even lower. While other variations in the geometry 
of the extended perforations could be visualized, these specific 
results indicate that for practical purposes the uniform per- 
foration charts of Figs. 2-4 should suffice to give at least a 
semi-quantitative relative evaluation of the various perforation 
programs which might be considered for actual well com- 
pletions. 


The results presented here are essentially empirical, and do 
not reveal the full scope of the dependence of the well pro- 
ductivity on the basic dimensionless parameters of the pro- 
ducing systems. From a practical standpoint, however, the 
ranges of variables covered in the experiments span the condi- 
tions corresponding to actual well systems in which the per- 
forations are uniformly distributed over the whole producing 
formation. With respect to the absolute magnitudes of the 


well productivities, it is to be noted that if the perforations. 


just penetrate the casing or cement sheaths the need for rela- 
tively high perforation density is even greater than had been 
previously indicated by the theoretical calculations. However, 
if the perforations can be extended for ‘appreciable distances 
into the producing formation productive capacities approach- 
ing those for uncased holes should be obtained even for 
moderate perforation densities. On the other hand, it is to be 
emphasized that the gains indicated by Figs. 2-5, either by 
increasing the perforation density or penetration, are to be 
expected only if the cementing of the casing has provided a 
perfect séal. If channels have been left in the cement sheath 
even a single perforation opening into such channels will give 
high well capacities which may not be appreciably increased 
by additional perforation. 
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FIG. 6 —THE EFFECT OF THE DEPTH OF PERFORATION PENETRATION 
INTO THE FORMATION SURROUNDING THE CASING ON THE WELL 
PRODUCTIVITY FOR VARIOUS PERFORATION DENSITIES. Q/Q, = 
(PRODUCTIVE CAPACITY OF- CASED AND PERFORATED WELL)/(PRO- 
DUCTIVE CAPACITY OF UNCASED WELL). ———— CASING DIAMETER = 
SIXGING Scns CASING DIAMETER = 12 IN.; PERFORATION DIAMETER 
= ONE-HALF IN. FOR ALL CURVES. 


DISCUSSION 


By Robert A. Howard, Department of Physics, 
University of Oklahoma, Norman, Okla. 


It is indeed fortunate that this excellent paper appears at 
this time. asthe data presented here complement those pre- 


sented by Watson and myself. Our data cover the range of 


penetration from zero to slightly over one-third the casing 
diameter, while the data presented here have a gap between 
zero and a penetration of one-fourth casing diameter, but 
go on to a penetration of one casing diameter. The authors 
also give data on one-half in. holes in six-in. casing, a case 
which is not covered in our paper. 


It is gratifying to find that there is good agreement between 
the experimentally determined points in the two papers. The 
relative productivities obtained for six-in. casing with one- 
fourth in. perforations, however. show that the approximate 
scaling equation which we found to be valid for flush per- 
forations, gives results which are somewhat high for deeper 
penetration. If one uses the scaling procedure of McDowell 
and Muskat (which is an exact, rather than approximate. 
scaling procedure, but which alters the vertical distribution 
of perforations) to convert our data for one-half in. perfora- 
tions in 12-in. casing to one-fourth in. perforations in six-in. 
casings, the results agree well with those shown in Fig. 5 
except in the region between zero penetration and a pene- 
tration of one-fourth casing diameter. In general, our data 
indicates that the interpolated sections of the curves in Fig. 5 
do not rise quite steeply enough, or in other words, that the 
initial bit of penetration is even slightly more important than 
indicated by this figure. This may indicate that the arbitrary 
assignment of penetration equal to the perforation diameter 
for hemispherical perforations is not satisfactory. The extrap- 
olated portions of Fig. 4 are confirmed by our results out to 
a perforation depth of one-third casing diameter. 


Relative productivities greater than one which were pre- 
dicted in our paper, have actually been found here for the 
greater depths of penetration. It is interesting to note that the 
differences between the results obtained by McDowell and 
Muskat and by ourselves vary by little more than the experi- 
mental error involved in the measurements in spite of the fact 
that they used round rather than flat-ended penetration ae 
trodes such as we used, their electrodes were about 2.5 per 
cent undersized, and their eight electrode distribution’ wee 
two layers rather than a single horizontal layer. babe OE 
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THE KOBE POROSIMETER AND THE 
OILWELL RESEARCH POROSIMETER 


CARROL M. BEESON, MEMBER AIME, PETROLEUM ENGINEERING DEPARTMENT, UNIVERSITY OF SOUTHERN 
CALIFORNIA, LOS: ANGELES, CALIF. 


ABSTRACT 


Reasons are given for using a Boyle’s-law porosimeter in 
conducting core analysis for either routine or research pur- 
poses. Among other things, it is pointed out that such a 
porosimeter permits the measurement of all basic properties 
on the same sample, thereby eliminating the sources of error 
inherent in the use of adjacent samples. References are made 
to investigations of gas adsorption on various porous materials, 
to show that the use of helium in Boyle’s-law porosimeters 
reduces to negligible proportions the error due to the adsorp- 
tion or desorption of the operating gas. 


Two Boyle’s-law instruments are described, which permit 
accurate and rapid measurements of porosity. Schematic 
sketches and explanations are included, along with derivations 
of equations required in performing precise determinations. 


Summaries of data obtained during calibration are tabulated 
and analyses of the data are presented as indications of the 
precision and accuracy of each device. Comparisons are also 
shown for measurements made with each of the instruments 
on the same test pieces and cores. 


INTRODUCTION 


An accurate porosimeter, operating on the principle of 
Boyle’s law, is of considerable value in the analysis of cores 
for either routine or research purposes. This is due primarily 
to the fact that the measurement of porosity with such an 
instrument leaves the sample free of contamination by any 
liquid. 

When used in conjunction with an extraction apparatus’ 
for determining oil and water saturations, a Boyle’s-law poros- 
imeter permits the measurement of all basic properties on the 
“same sample. This eliminates the sources of error inherent in 
the use of adjacent samples, or the necessity of determining 
“porosity after all other properties have been obtained. 

Large errors may result. from combining measurements 
made on adjacent samples in order to obtain a single prop- 
erty. This type of error is definitely involved when oil and 
“water are measured with one sample and the pore volume 
is measured with an adjacent one. Furthermore, the source 
of error would be present to some extent, even if the analyst 
could choose the samples so they were truly adjacent from 
a geological standpoint. 

The use of adjacent samples in routine core analysis also 
necessarily decreases the probability of correlating core prop- 
erties. For example, the chance of correlating the “irreduc- 
ible” interstitial-water saturation with permeability, is bound 


1References given at end of paper. 
Manuscript received in the office of the Petroleum Branch, October 20, 
1949. 3 
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to be greatly reduced by measuring these properties on 
“adjacent” samples. 


For research purposes, amplification is scarcely required 
concerning the greater flexibility of a method for measuring 
porosity which leaves the core free of contamination by any 
liquid. Even under those circumstances which require that 
the core be saturated with a liquid, a previous measurement 
of porosity with a gas is useful in determining the degree of 
saturation that has been attained in the process. 


Furthermore, for comparable accuracy, porosity usually 
may be determined more rapidly with a gas than with a liquid. 
This advantage of the Boyle’s-law instrument is most out- 
standing when the determination time is compared with that 
required in obtaining porosity by evacuation of the core 
followed by saturation with a liquid of known density. 


Several porosimeters which operate on the principle of 
Boyle’s law have been described*****" in the literature. No 
comparison will be attempted between those instruments and 
the ones described herein. 


Before helium gas became readily available, Boyle’s-law 
porosimeters were subject to an appreciable error due to the 
adsorption of the operating gas on the surface of the core 
solids. There is considerable direct and indirect evidence in 
the literature to support the contention that the adsorption 
of helium on porous solids is negligible at room temperature. 

In discussing the use of Boyle’s-law porosimeters, Washburn 
and Bunting® stated that “for most ceramic bodies dry air 
is a satisfactory gas, but hydrogen will be required in some 
instances. Helium could, of course, be employed for all types 


of porous materials at room temperatures or above.” Howard 


and Hulett’ obtained evidence that the adsorption of helium 
was negligible at room temperatures, even on activated car-~ 
bon; for the density measured with this gas was unaffected 
by changes in pressure or by changes in temperature from 
25°C to 75°C. For oil-well cores, Taliaferro, Johnson, and 
Dewees’ obtained lower porosities with helium than with air, 
but apparently did not study helium adsorption. 

From the work of these investigators, it follows that the 
use of helium in Boyle’s-law porosimeters reduces the error 
due to gas adsorption to negligible proportions. This makes 
it possible to construct instruments which permit the deter- 
mination of porosity with (1) a high degree of accuracy, 
(2) with great rapidity, and (3) without contamination. 


THE KOBE POROSIMETER 


The fundamental design of the Kobe Porosimeter was 
developed by Kobe, Inc., which firm built about 12 of the 
instruments during 1936 and 1937. Since that time, seven or 
eight more have been constructed with their permission, mak- 
ing a total of about 20 that have been put into operation. 
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In this porosimeter, the bulk volume is determined from 
the volume of mercury displaced by the sample, whereas the 
volume of sand grains and disconnected voids depends upon 
the volume of a gas displaced by the sample. 


Although many modifications have been made in the design, 
method of calibration, and method of use, the manner of 
application of Boyle’s law has remained the same. That is, 
in the relation P,V, = P.V., the initial pressure P, is fixed 
at that of the room, the initial volume V, is chosen, the final 
pressure P, is fixed at a definite higher value, and the final 
smaller volume V2 is measured. However, volume differences 
instead of volumes are actually determined, as shown in the 
Appendix. 


The Appendix contains a detailed description of the device, 
including the method of operation and ‘accuracy of results. 
As indicated there, bulk volumes of steel balls of from 5 to 
15 cc may be measured very rapidly, with errors which should 
not exceed 0.5 per cent. Sand-grain volumes in this range 
may be measured almost as rapidly, with errors which should 
not exceed 0.1 per cent. The above value for the accuracy of 
measuring bulk volume does not include the effect of any 
penetration of mercury into a core nor the effect of trapping 
air around a core, during a determination. With these limita- 
tions in mind and applying these figures to differences in 
porosity, a core with a bulk volume of 5.00 cc and a sand- 
grain volume of 4.00 cc should yield a value for porosity of 
20.0 = 0.5 per cent. 


Various users of the Kobe Porosimeter have made modifi- 
cations in the original design of the instrument. Several of 
these have been enumerated in the Appendix. 


THE OILWELL RESEARCH POROSIMETER 


Despite the many modifications that have been made in the 
design, method of calibration, and method of use of the Kobe 
Porosimeter, there were several reasons for developing a new 
instrument. 


Chief among these was the amount of manual labor involved 
in making the necessary changes in the volume of the cell 
during a determination. For a large number of consecutive 
measurements the process becomes sufficiently tiring that one 
laboratory designed equipment for changing the volume me- 
chanically. However, the device would have made the porosi- 
meter considerably more complex, so the idea was abandoned 
without actual trial. 


Another consideration involved the belief that a less expen- 
‘sive instrument might be developed, which would be quite 
useful for many production laboratories. 


An analysis of the original Kobe Hydrogen Porosimeter 
described by Coberly and Stevens’ indicated that modifica- 
tions in this instrument, chiefly to increase accuracy, should 
yield an excellent porosimeter. During the time since construc- 
tion of the Kobe Hydrogen Porosimeter, much more accurate 
gauges had been made available, and it was believed that the 
accuracy of the stock item might be increased still further. 
In addition, Coberly and Stevens had observed that decreasing 
the volumes of the chambers would increase accuracy. 


The Oilwell Research Porosimeter was developed along 
these lines, using the principle of the original Kobe Hydrogen 
Porosimeter. That is, in the relation PV, =P.V,, the initial 
pressure P, is fixed at a definite value, the initial volume JV, 
is fixed at that of the first chamber, the final lower pressure 
P, (or its equivalent) is measured on a bourdon-type gauge, 
and the final volume V, is the volume of the first chamber 
plus the volume of the second chamber diminished by the 
-sand-grain volume. As explained in the Appendix, however, 
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FIG. 1 —SCHEMATIC SKETCH OF KOBE POROSIMETER. * 


sand-grain volumes obtained with this instrument are not 
calculated with the use of Boyle’s law. 


The Appendix contains a detailed description of the instru- 
ment, including the method of operation and accuracy of 
results. As substantiated there by a statistical analysis of the 
calibration data, the design and method of operation permit 
very rapid measurements of sand-grain volumes from 4.0 cc 
to at east 13.5 cc, with errors which continually decrease in 
this range from + 1.1 per cent to + 0.2 per cent. 


Transforming these limits to differences in porosity, a core 
with a sand-grain volume of 12.00 cc and a pore valume of 
3.00 cc should yield a value for porosity of 20.0 +0.2 per 
cent, providing the sand-grain volume were measured in the 
instrument and the bulk volume were known exactly. Under 
the same conditions, a core with a sand-grain volume of 
4.00 cc and a pore volume of 1.00 cc should yield a value for 
porosity of 20+0.9 per cent. Single measurements should 
be within these limits 90 per cent of the time, and the limits 
could be still further reduced by using the average of several 
measurements. 
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APPENDIX 
THE KOBE POROSIMETER 


Description and Operation 


A schematic sketch of one of the instruments is shown in 


~ Fig. 1. The dead-weight gauge A slides into a closely machined 


cylinder and rests on the surface of a quantity of oil confined 
in the chamber B just above the valve D. The oil in the 
chamber is connected by the tube C to the oil reservoir E in 
a plastic walled chamber. Pressure exerted on the surface of 
the reservoir is transmitted by the oil, through the tube, to 
the dead-weight gauge. The lower portion of the instrument 
contains mercury, the quantity of which is adjusted so that 
the micrometer barrel H reads approximately zero when the 
mercury level G is raised to the mark F in the tube centered 
in the plastic walled chamber. Turning the micrometer 
actuates the piston / inside the horizontal cylinder which 
raises or lowers the mercury level (shown at G) and the dis- 
placement volume is measured on the micrometer to 0.001 ce. 
The tube centered in the plastic walled chamber opens 
through the valve D to dried air at atmospheric pressure, and 
is also connected to the air space above the reservoir. 


HELIUM IN [6B 


FIG. 2—SCHEMATIC SKETCH OF OILWELL RESEARCH POROSIMETER. 
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Table I — Determination of Constant from Operation 
of Kobe Porosimeter 


R, RY R. RY. K 
85.000 20.027 50.000 11.095 1.343, 
70.000 16.210 50.000 11.095 1.341 —- 
50.000 11.095 40.000 8.546 1.342 
50.000 11.095 20.000 3.438 1.342 
30.000 5.989 20.000 3.438 1.343 


For correct operation of the porosimeter, it is essential that 
the floating position of the gauge be accurately reproduced. 
This may be accomplished by projecting, on a screen, the 
image of a pointer mounted at the center of the gauge. The 
screen may be so situated that the movement of the gauge 
is magnified more than ten fold by the motion of the image. 
To insure free motion of the gauge at the floating position, 
it is rotated by a jet of air of constant direction and intensity. 


Derivation of Equations for Determining Constant 
and Measuring Porosity 


‘Considerable difficulty was experienced in obtaining repro- 
ducible values of the porosimeter constant by the method 
originally provided. Accordingly the author derived the rela- 
tions given below and helped develop the following method 
of measuring porosity. 

In determining the volume of sand grains (and disconnected 
voids) V,, the gas is compressed from barometric pressure 
P,, to the floating pressure P; by rotating the micrometer 
barrel from some chosen initial reading R to a reading R’ at 
which the dead-weight gauge floats. The sample is then placed 
in the instrument and the process repeated by starting at the 
same initial reading and obtaining the final reading R,’. 


The total volume occupied by the gas when the micrometer 
reading is at R’ may be represented by the symbol B. The 


‘application of Boyle’s law to the above operations then yields 


the following relations: 
P,(B + R-R’) = P;B 
PAB ER=R AV) = PB RS RAS). 
Elimination of B and R from these two equations gives, 


P; 


Pe By 
The bulk volume is equivalent to the difference between the 
micrometer readings made at barometric pressure when the 
mercury has been forced up to the reference line, with and 
without the sample. Denoting the bulk volume by RO-R’, 
the porosity becomes, 


t R,’—R’) 


PSP. tt (REX Re) 
This equation shows that, providing P, is determined, the 
porosity may be computed from the barometric pressure and 
the micrometer readings. 

Equating the forces which act in opposite directions on 
the floating dead-weight gauge yields the relation, 

P,A = P,A + W cos d, 

where A represents the cross sectional area of the piston, V 
signifies the weight of the gauge and cos d corresponds to 
the cosine of the angle by which the piston deviates from the 
vertical. Since A, P,, W and-cos d can be determined with 
considerable accuracy, the expression permits the evaluation 
of P;. For example, the measured values, P, = 14.64 psi 
(75.67 cm of Hg at 32°F), W = 4.794 lbs, diameter of 
piston = 0.377 in., and the assumed value cos d = 1.000, 
lead to P, = 57.64 psi (3.924 atm., absolute) and Kx 
P,/(P:-P») = 1-AP,/W cos d = 1.341. iF ¢ 


V. 
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Table I1— Data Obtained by Kobe Porosimeter 


with Test Pieces and Cores 


Sample Lee RES RS here ORR Re eR. 
%” ball 13.841 8.060 Shel ae Shes) 19.430 4.293 
8” ball 15.166 8.063* 7.103 24.718 19.430* 5.288 
14%” ball 20.349 8.065* 12.284 28.579 19.430* 9.149 
14%” cylinder 20.131 8.068* 12.063 28.367 19.430* 8.937 
34” core 17.603 8.070 9.533 25.442 19.430 6.012 
1” core 19.866  8.073* 11.793 26.039 19.432* 6.607 
1” alundum 21.434 8.077* 13.357 25.934  19.434* 6.500 
1%” alundum 23.048 8.080* 14.968 28.288 19.436* 8.852 
%” ball 13.855 8.080 5.775 = 23.740. 19.435 4.305 
4é” ball 15.187 8.080* 7.107 . 24.734  19.433* 5.301 
14%” ball 20.358  8.080* 12.278 28.584 19.432* 9.152 
14%” cylinder 20.133 8.080* 12.053 28.369 19.431* 8.938 
%,”" core 17.610 8.080 9.530 25.432 19.430 6.002 
1” core 19.884  -8.083* 11.801 26.042  19.432* 6.610 
1” alundum 21.442 8.085* 13.357 25.929 19.435* 6.494 
1%” alundum 23.046 8.088 14.958 28.280 19.437 8,843 


*These values were in'erpola’ed from the measure] ones. . 
Note: The constant was measured before and after the tests, by using 
values of Ri and R»2 of 70.000 and 50.000. The values obtained for 
Ri’ and R2’ were 19.418 and 14.383 before the tests, and 19.430 
and 14.395 after the tests. Each of these sets of results yields a 
value of 1.3365 for the constant. 


A second method of determining the porosimeter constant 


depends upon the operation of the instrument. With no sample 
present, the air is compressed from barometric pressure to 
the floating pressure by movement of the micrometer barrel 
from R, to R,’, and similarly, from a different initial reading 
Reto ia 

The constant was also computed from operations of the 
porosimeter at other values of the barometric pressure. At 
P, = 75.6 cm of Hg at 32°F, the calculated values of K were 
1.340, 1.340 and 1.339. At P, = 75.5 cm of Hg at 32°F, the 
values were 1.338 and 1.338. 


The last five values of the constant average 1.339 with ar 
average barometric pressure of 75.56 cm of Hg at 32°F, while 
those of Table I average 1.342 with a barometric pressure of 
75.9 cm of Hg at 32°F. These figures yield a grand average 
of K.= 1.340_at P, = 75.7 cm of Hg at 32°F. This agrees 
quite satisfactorily with the value of 1.341 calculated from 
the weight of the gauge and the diameter of the piston. Fur- 
thermore, the variation in the determined values of the con- 
stant, with barometric pressure, agrees with the expression 
derived above. 


Accuracy of Kobe Porosimeter 


To obtain an indication of the precision and accuracy of 
the Kobe Porosimeter, a pair of measurements was made on 
each of various test pieces and samples. Three steel ball 
bearings and one cylinder were included. Cylindrical cores 
were also used, two having been drilled from California oil 
sands and two from alundum. Heliuin was used as the cper- 
ating gas. 


The data have been recorded in Table II, with columns 
headed by the symbols defined in the section of Derivation of 


THE KOBE POROSIMETER AND THE OILWELL RESEARCH POROSIMETER 


Equations for Determining Constant and Measuring Porosity. 
The figure given with each sample indicates the diameter of 
the sphere or cylinder. 

Calculations made from the original data of Table II have 
been given in Tables III and IV. The bulk volume V, is the 
volume of mercury displaced by the sample, whereas V, is 
the volume of the solids and disconnected voids, as determined 
by Boyle’s law. The differences, AV,, AV., and AP, between 
each pair of measurements of the bulk volume. the solid vol- 
ume, and the calculated values of porosity serve to indicate 
the magnitude of variations in measurements. made with the 
instrument. 

The total volume occupied by the gas when the micrometer 
reading is at R,’ may be represented by the symbol C. The 
application of Boyle’s law to the above operations then yields 
the following equations: 

Py(C oe R,— R,’) = P3(G 5 R,' - R.') 
Ps Cs Re Re): =P: Ge 
Elimination of C from these two relations gives, 


Po Ps — (Ri-R,)/Ri —R,’), or 


. . s P,) R,-R, 
= P;/(P:-P» (Res RA ER 


Determination of Porosimeter Constant 


Determinations of K at various initial settings of one porosi- 
meter, for P, = 75.9 cm of Hg at 32°F, have been recorded 
in Table I. 


The volumes of the steel balls were known to +0.003 cc. 
from measurements made with a micrometer to +0.0001 in. 
Accordingly, Table IV indicates the errors involved in meas- 
uring such test pieces with the instrument. It appears from 
the table that bulk-volume measurements were 0.5 per cent 
too high, while solid-volume measurements were within 0.1 
per cent of the known values. 


The above statement for the degree of accuracy of meas- 
uring bulk volume does not include the effect of any pene- 
tration of mercury into a core nor the effect of trapping air 
around a core, during a determination. With these limitations 
in mind and transforming the above figures to differences in 
porosity, a core with a bulk volume of 5.00 cc and a sand- 
grain volume of 4.00 ce would yield a value for porosity of 
20.0 = 0.5 per cent. 


Modifications in Design of Kobe Porosimeter 


Various users of the Kobe Porosimeter have made modifi- 
cations in the original design of the instrument. These have 
been mainly to facilitate operation, as is apparent from the 
examples that follow. 


Some users have replaced the dead-weight gauge by a Bour- 
don gauge. This change also facilitates counterbalancing the 
removable cap, which is the part above G in Fig. 1. Another 
user has moved the dead-weight gauge to the side of the 


Table III — Deviations in Measurements with Kobe Porosimeter 


Bulk Volume Solid Volume 

Vo, Vie 
Sample cc ce 
%” ball 5.781 5.775 5.738 5.754 
4%” ball 7.103 7.107 7.067 7.085 
14%” pall 12.284 12.278 12.228 12.232 
Ty” cylinder 12.063 12.053 11.944 11.946 
4.” core 9.533 9.530 8.035 8.022 
1” core 11.793 11.801 8.830 8.834 . 
1” alundum 13.357 13.357 8.687 8.679 
14%” alundum 14.968 14.958 11.831 11.819 


316 


PETROLEUM TRANSACTIONS, AIME 


Porosity Differences 
Bs ts Vo, A V5. ANE 

ay % eae ce ce Jo 
0.74 0.36 — 0.006 + 0.016 -— 0.3& 
0.51 0.31 + 0.004. + 0.018 — 0.20 
0.46 0.37 — 0.006 + 0.004 — 0.09 
0.99 0.89 — 0.010 + 0.002 — 0.10 
15.71 15.82 — 0.003 — 0.013 Sia OHEL 
25.13 25.14 + 0.008 + 0.004 + 0.01 
34.96 35.02 = 0.000 — 0.008 + 0.06 
20.96 20.99 — 0.010 — 0.012 + 0.03 
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Table IV — Errors in Measurements of Ball Bearings 
with: the Kobe Porosimeter 


Avg.t Avg. 
Dia. Meas.* Bulk Solid 
of Vol., Vol., Vol., 
Ball Vins Vos V. Vp 7 Vin Vs + View 
in. cc cc cc ce Opi” cc Yo 
i 5.750 5.778 5.746 +0.028 +0.49 -0.004 —0.07 
1é 7.068 7.105 7.076 -+0.037  +0.52 +0.008 -+0.11 
1% 12.224 12.281 12.230 +0.057 +0.47 +0.006 +0.05 


*The measured volumes of the bals were computed from measurements 
made with a micrometer to 0.0001 in. 


iThe average bulk volume V» and the average solid volume Vs were 
obtained by averaging the values given in Table III 


instrument, connection being made by a coil of tubing with 
small bore. 

Portions of the threads on the cap and barrel have been 
removed, so the cap may be dropped in place and tightened 
with about a one-quarter turn. A zero adjuster has also been 
added by some, in the form of an adjustable reservoir of 
mercury attached to the main reservoir. 


THE OILWELL RESEARCH POROSIMETER 


: Description and Operation 


A schematic sketch of the Oilwell Research Porosimeter is - 


shown in Fig. 2. 

It consists of the 12-in. gauge A connected to the sample 
chamber H through the needle valve K. Similar valves J and L 
aré also in the line to control the flow of a gas, such as 
helium, into the gauge and to exhaust the gas from the sample 
chamber. This is equivalent to two interconnected chambers, 
with the Bourdon tube of the gauge and the connecting lines 
being one, and the sample chamber and connecting lines being 
the other. Valves M and N have been added since the original 
calibration, to permit adjustment of the zero point by altering 
the amount of either valve stem included in the system. 

In operation, helium is forced into the gauge chamber until 
the needle B on the dial attains the “start” position (100.00 
psi), as seen through the illuminated eye piece C mounted 
on a swivel attached to the gauge. This reading of the gauge, 
as well as all others, is made while the attached buzzer D 
is in operation, to eliminate the effect of friction on the 
position of the needle. The gas is then expanded into the 
sample chamber and the position of the needle is noted. This 
reading, together with the calibration table, yields the volume 
of the sand grains and disconnected voids of the sample con- 

‘tained in the chamber. 

The sample chamber may be opened or tightly sealed by 
‘means of the hinged yoke G and the hand screw FE. These 
operations may be made very rapidly, as the thrust bearing F 
is so close to the top of the yoke that only three or four turns 
of the screw are required. In addition, the hinge of the yoke 
“is automatically stopped at the proper position. Speed of 
operation is also increased by the presence of the removable 
sample holder /. 

The seal at the cap of the sample chamber is obtained with 
an O-ring gasket, while metal-to-metal contact restricts any 
change in the volume of the sample chamber. 

The gauge dial has 360 graduations equally spaced through- 
out a range which is equivalent to 48 to 82 psi, although the 
markings on the graduations bear no direct relation to pres- 
sure. The illuminated eye piece, with hairline, permits locat- 
ing the position of the needle to the nearest half division, 
with no difficulty. 
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Calibration and Accuracy 


The Oilwell Research Porosimeter was calibrated by means 
of chrome-alloy ball bearings that had been measured to 
0.0001 in. with a micrometer. Combinations of the ball bear- 
ings were used so as to increase the total volume in incre- 
ments of about 0.2 cc throughout the range from 1.072 to 
10.970 cc. The range was similarly extended to 13.555 cc by 
using combinations of the ball bearings with two steel 
cylinders. 

This method of calibration minimizes errors due to devia- 
tions of the gas from the perfect gas law, as well as errors 
due to uncertainties involved in assigning a definite value of 
pressure to each graduation on the dial and errors due to 
changes in the volume of the Bourdon tube. All that is 
required is to determine, with the desired accuracy, what sand 
volume is represented by each graduation on the dial, when 
the instrument is operated under the given conditions. 


Readings made during calibration were corrected to a zero 
point of 8.40 by adding to the reading the difference between 
8.40 and the measured or interpolated zero point. The zero 
point is the reading obtained when the helium gas is ex- 
panded into the empty chamber. This reading has been found 
to change gradually, during a series of measurements, from a 
value not less than 8.20 to a value not exceeding 8.95. Since 
obtaining the data given in the tables, the necessity of making 
the correction has been eliminated by installing zero adjusters 
in the system. It has also been found that the change in zero 
point may be decreased considerably, in a non-thermostated 
room, by removing the sample holder when the instrument 
is not in use. 

The corrected readings were plotted against the ball vol- 
umes on a scale sufficiently large to produce a curve four 
feet in length. Curve readings were obtained by determining 
from this curve the reading which corresponded to the ball 
volume. The difference between the corrected reading and the 
curve reading gives an indication of the accuracy to be ex- 
pected from the. instrument. Unfortunately, space permits 
including only the following analysis of the calibration data. 


The differences between the corrected reading and the curve 
reading conform very well to the normal curve of errors, and 
the standard deviation amounts to 0.073. Consequently, 90 per 
cent of all readings made with the instrument in a similar 
manner should lie within = 0.12 units of the true reading. 
This statistical analysis of the 90 single readings made during 
calibration is well supported by the pairs of readings of the 
same volumes, taken on different days. Not a single one of the 
17 pairs of readings taken in this manner differs by more than 
0.10 units. 

It was apparent from the data that the errors in readings 
are relatively independent of the volume of the test piece. 
Accordingly, the percentage error increases with decreasing 


Table V— Data Obtained by Oilwell Research 


Porosimeter with Test Pieces and Cores 


Solid Solid 

Vol., Vol., 
s? } Vy 

Sample Reading * ce Reading* ce 

%” ball 23.00 Dull 23.10 5.80 
&” ball 26.90 7.08 26.90 7.08 
14%” ball 44.50 12.22 44.50 1222 
1” cylinder 43.50 11.97 43.60 12.00 
34," core 30.10 8.12 30.10 8.12 
1” core 32.60 8.90 32.60 3 8.90 
1” alundum 31.80 8.65 31.80 8.65 
14%” alundum 43.00 11.84 43.00 11.84 


*The zero point was maintained at 8.40 by using the zero-point adjuster 
after each pair of determinations, as well as just before and just after 
the series of measurements was made. 
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volume. Multiplying the deviation of + 0.12 by the rate of 
change in volume with respect to reading yields at 12.210 cc 
and 4.002 cc, for example, the respective differences of = 0.030 
cc or £0.25 per cent and = 0.044 cc or =1.1 per cent. 


Transforming these limits to differences in porosity, a core 
with a sand-grain volume of 12.00 cc and a pore volume of 
3.00 cc should yield a value for porosity of 20.0 = 0.2 per 
cent, providing the sand-grain volume were measured in the 
instrument and the bulk volume were known exactly. Under 
the same conditions a core with a sand-grain volume of 
4.00 cc and a pore volume of 1.00 cc should yield a value 
for porosity of 20.0+0.9 per cent. Single measurements 
should be within these limits of error 90 per cent of the time 
and the limits could be still further reduced by using the 
average of several measurements. 


A test was made of the accuracy of the device by measuring 
the solid volumes of the same test pieces and cores that were 
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used in obtaining-a measure of the accuracy of the Kobe 
Porosimeter. Three steel ball bearings and one steel cylinder 
were included. Cylindrical cores were also used, two of 
California oil sands and two of alundum. The data have been 
compiled in Table V. 

Table VI lists the deviations in measurements made with 
the Oilwell Research Bulkvolumeter and Porosimeter, while 
Table VII shows the errors made in determining the volumes 
of the ball bearings by means of these devices. The deviations 
and errors are in keeping with the analysis made of the 
accuracy of the porosimeter. Space does not permit a discus- 
sion of the bulkvolumeter. 

The measurements of the cores with the Oilwell Research 
Porosimeter and Bulkvolumeter have been compared in Table 
VIII with those obtained with the Kobe.Porosimeter. As seen 
there, the differences are within the limits of the experimental 
errors that have been given for each of the instruments. * * 


Table VI — Deviations in Measurements with Oilwell Research Bulkvolumeter and Porosimeter 


Bulk Volume | Solid Volume 
Vi Vs 

Sample ce ce” 
%" ball 5.728 5.797 5:77 5.80 

&” ball 7.120 7.051 7.08 7.08 
1” ball 12.232 12.180 12.22 12222 
14%” cylinder 11.938 11.964 11.97 12.00 
34.” core 9.492 9.497 8.12 8.12 
1” core 11.807 11.807 8.90 8.90 
1” alundum 13 318 13.292 8.65 8.65 
14%” alundum 14.833 14.907 11.84 11.84 


Porosity Differences 
1a BS bes LX Ve AN Ps 
% eG ce % 
—0.73 —0.05 +0.069 -+0.03 +0.68 
0.56 —0.41 —0.069 +0.00 —0.97 
0.10 —0.41 —0.052 +0.00 —0.51 
E027 —0.30 +0.026 +0.03 —0.03 
14.45 14.50 +0.005 +0.00 +0.05 
24.62 24.62 +0.000 +0.00 +0.00 
35.05 34.92 —0.026 0.00 —0.13 
20.18 20.57 +0.074 +0.00 +0.39 


Table VIL — Errors in Measurements of Ball Bearings with Oilwell Research Bulkvolumeter and Porosimeter 


Avg.t Avg.t 
é Meas.* Bulk Solid 
Diameter Vol., Vol., Vol., 
of Ball, Vx Ve We 
sin, eae CGen eee cc 
% 5.750 5.762 5.785 
é 7.068 7.086 7.08 
ly 12.224 12.206 12:22 


cc 


+0.012 
+0.018 
-0.018 


%o 
+0.21 
0:25 

-0.15 


*The measured volumes of the balls were computed from measurements mode wih a micrometer to +0.0001 in. 
tThe average bulk volume V» and the average solid volume Vs were obtained by averaging the values given in Tables VI and V, respectively. 


%o 
+0.035 
+0.012 

—0.004 


cc 


+0.61 
+0.17 
—0.03 


Table VITI— Comparison of Core 


Measurements Made by Kobe Porosimeter and by Oilwell Research 


Bulkvolumeter and Porosimeter 
Avg. Bulk Vol., Avg. Solid Avg. Porosity 
Vs Vol., V; P 
P Kobe, ORE Kobe, O.R., Kobe, O.R. V We P. 
Sample ce ces) AVECG ce ‘0 Toe me ae ce 
34” core 9.532 9.495 8.03 8.12 Asa 14.48 0.0. 
A 2 ~0.037 3 

6 core 11.797 11.807 8.83 8.90 25.14. 24.62 ~ +0.010 ae cae 
V” alundum 13.357 13.305 8.68 8.65 34.99 34.98 ~0.052 ~0.03 0.01 
14%” alundum 14.972 14.870 11.83 11.84 20.98 20.37 0.102 +0.01 061 
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PHASE EQUILIBRIA IN HYDROCARBON-WATER SYSTEMS 


i II — The Solubility of Ethane in Water at Pressures to 10,000 psi 


O. L. CULBERSON* AND J. J. McKETTA, JR.,** MEMBER AIME, DEPARTMENT OF CHEMICAL ENGINEERING, 
THE UNIVERSITY OF TEXAS, AUSTIN, TEX, 


ABSTRACT 


A preliminary investigation was 
made to determine the time required to 
attain equilibrium within the equi- 
librium cell for this system. 

Experimental and smoothed data are 
presented for the solubility of ethane 
in water for temperatures of 100°, 160°, 
220°, 280° and 340°F at pressures to 
10,000 psia. ” 

The minimum solubility phenomenon eal 
disappears at 10,000 psia within this 
temperature range. 
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PHASE EQUILIBRIA IN HYDROCARBON-WATER SYSTEMS 


Il — THE SOLUBILITY OF ETHANE IN WATER AT PRESSURES TO 10,000 PSI 


necessary to agitate the liquid and 
vapor at equilibrium temperature and 
pressure in order to have equilibrium 
between the phases. This was done by 
bringing the equilibrium cell to the 
equilibrium temperature, charging it 
with ethane to a pressure of 800 psia, 
and then charging with water to a pres- 
sure which was the same for each time- 
solubility determination. The tempera- 
ture of the determinations was 100°F 
and the pressure, having been 6,330 
psia for the first determination, was 
maintained at this same value on each 
subsequent determination. When the 
water was charged to the equilibrium 
cell, the cell temperature departed 
from 100°F and a period of time aver- 
aging about 40 minutes had to elapse 
before the cell came back to equilib- 
rium temperature. During this time, 
the cell and its contents were not agi- 
tated. When the system had returned 
to equilibrium temperature, agitation 
was started and timing was begun. The 
results of the time-solubility determina- 
tions are given in Table I. Reading 
down a column in Table I, the figures 
represent respectively: the time of agi- 
tation for the particular run; the time 
at which water was charged to the cell, 
taken as zero; the time elapsing after 
charging the water and until the cell 
returned to equilibrium temperature 
where agitation was begun; the hours 
relative to zero time elapsing before 
agitation was stopped; and the solu- 
bility determined for the particular run. 
Since the ethane and water were in 
contact during the period when the 
temperature was returning to the equi- 
librium temperature, the time meas- 
ured against the solubility values deter- 
mined is not a true measure. Consider- 
able diffusion undoubtedly occurred 
under the pressures involved; however, 
the technique used was necessary in 
view of the fact that for the shorter 
runs, the system may not have been at 
equilibrium temperature when the de- 
sired time had elapsed. From Table I 
it may be seen that equilibrium was 
attained within one hour after agitation 
was begun. Regardless of the indica- 
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FIG. 2 — SOLUBILITY OF ETHANE IN WATER AT CONSTANT PRESSURE. 


tions toward a shorter agitation period, 
in subsequent determinations the sys- 
tem was agitated for three hours before 
a sample was taken. 


SOLUBILITY DATA 


The solubility of ethane in water has 
been experimentally determined for 
temperatures of 100°, 160°, 220°, 280°, 
and 340°F at pressures extending to 


10,000 psia. These data are shown in 


Table I— Time-Concentration Determinations for Ethane in Water 
(100°F, 6330 psia) 
Elapsed Time, Hours 


Agitation Time, 
Hours me) 1 2 3 10 
Water Charged 0.00 0.00 0.00 0.00 0.00 
Agitation Begun 0.67 0.50 0.33 1.67 1.00 
Agitation Stopped 
and Sample Taken 1.17 1.50 2.33 4.67 11.00 
Solubility, MF C.H,* 0.001047 | 0.001122 | 0.001100 | 0.001107 | 0.001102 


*Concentration in mole fraction ethane. 


320 


PETROLEUM TRANSACTIONS, AIME 


Table IT and in Fig. 1 along with data 
previously reported.’ The data for the 
entire range of pressures are cross- 
plotted in Fig. 2. From the curves in 
Figs. 1 and 2, the smoothed data are 
presented in Table III. It was neces- 
sary to adjust the smoothed values 
previously reported for the lower pres- 
sure range’ in order to tie in the solu- 
bilities determined for the higher pres- 
sures. ; 


The behavior of the ethane-water 
system in the vapor-liquid region as 
represented by Fig. 2 indicates a mini- 
mum solubility zone at pressures to 
about 9,000 psia. Although there is no 
maximum solubility indicated in Fig. 3 
for pressures above 300 psia, it seems 
reasonable to expect a maximum in the 
isobaric curves at higher temperatures 
since the concentration of the solute 
is zero when the solvent is at its satura- 
tion temperature and pressure. For ex- 
ample, water has a vapor pressure of 
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FIG. 3 — VOLUMETRIC SOLUBILITY OF ETHANE IN WATER REFERRED TO 60°F AND 14.7 PSIA. 
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2,000 psia at a temperature of 
635.82°F." Therefore, although the 2,000 
psia isobar of Fig. 2 indicates an in- 
creasing solubility with increasing tem- 
peratures, at some temperature this iso- 
bar must reach a maximum in order to 
approach zero at 635.82°F. The maxi- 
mum concentrations at pressures below 
300 psia are shown in Fig. 2 and have 
been discussed earlier.. From Fig. 2 
one can see that the temperature at 
which minimum solubility occurs on an 
isobar decreases as the pressure for the 
isobar increases. Although the limited 
temperature range of this work pre- 
vents the appearance of maximum solu- 
bilities at pressures above 300 psia, one 
might expect that the temperatures for 
the maximum solubility would increase 
as the pressure for the isobar increases. 

The solubility of ethane in water is 
given on a volumetric basis in Fig. 3 
and is compared to the data of Dodson 
and Standing’ for the solubility of nat- 
ural gas in water. In Fig. 3 the solu- 
bility is given in cu ft of the vapor 


(at 60°F and 14.7 psia) per bbl of 


water at the same conditions. The nat- 
ural gas used by Dodson and Standing 
contained 88.51 per cent methane and 
only 6.02 per cent ethane. The differ- 
ence in the solubilities of ethane and 
natural gas in water indicates that the 
solubility characteristics of methane 
and ethane are vastly different. As may 
be seen from Fig. 3, at 5,000 psia the 
solubility of methane in water may be 
approximately two times the. solubility 
of ethane in water. 


Table II — Experimental Values for the Solubility of Ethane in Water 
Pressure: Lb/Sq. In. Abs. 
Solubility: Mol Fraction C,H, 


PETROLEUM 


LEE 


100°F | 160°F | 220°F | 280°F | 340°F 
Pressure | MF C,H. | Pressure | MF C:H, | Pressure | MF C,H, | Pressure | MF C.H; | Pressure | MF C,H. 
59 0.0000893 113 0.0000812 123 0.0000698 VS 0.0000475 226 0.000140 
110 0.0002040 196-~— 0.0001540 212 0.0001300 210 0.0001580 334 0.000261 
200 0.0003110 315 0.0003090 322 0.0002560 320 0.0002720 529 0.000503 
340 0.000521 512 0.000417 548 0.000391 557 0.000464 737 0.000770 
z= 568 0.000647 785 0.000570 752 0.000560 (Rij 0.000660 992 0.001039 
160 0.000709 1215 0.000679 1120 0.000661 979 0.000803 1370 0.001311 
1080 0.000801 1985 0.000788 1965 0.000944, 1470 0.001065 1985 0.001671 
1925 0.000821 3275 0.000895 2030 0.000964. 2105 0.001208 2605 0.001970 
3115 0.000890 4885 0.001011 2535 0.001042 2680 0.001384 3640 0.002325 
5035 0.001018 6485 0.001078 3455 0.001132 3585 0.001530 4285 0.002480 
5800 0.001066 7350 0.001100 5320 0.001249 5045 0.001703 5035 0.002515 
6330 0.001105 8330 0.001178 7010 0.001329 6465 0.001867 5250 0.002635 
7605 0.001060 9650 0.001166 8480 0.001434 8055 0.001901 6630 0.002790 
9455 0.001130 9935 0.001514 9775 0.002005 8320 0.003060 
9335 0.003200 
9835 0.003300 
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ACKNOWLEDGMENT Table III — Smoothed Values for the Solubility of Ethane in Water 
The: Waite aaa [omit Mole Fraction C:H¢ x 10° u 
. 1e peers wish to express the *Presire: si '8 ~100°F.... +160°F.. ~——«:290°F 280°F 340°F 
appreciation to the Gulf Oil Corp. for Rc Pes xe es Babies Reg ee 
extending the Gulf Oil Fellowship to 200 0.328 0.173 0.144 0.151 0.110 
O. L. Culberson for this investigation. 400 0.534 0.348 0.299 0.34] 0.370 
The Phillips Petroleum Co. generously 600 0.667 0.478 0.449 0.528 0.620 
supplied the research grade ethane used 800 0.749 0.569 0.559 0.697 0.841 
methiswork. 1000 0.793 0.628 0.647 0.825 1.039 
1250 0.822 0.683 0.742 0.962 1.236 
1500 0.849 0.729 0.823 1.071 1.395 
2000 0.888 0.788 0.955 1,229 1.677 
2500 0.915 0.831 1.020 1.341 1.920 
REFERENCES 3000 0.933 0.873 1.073 1.440 2.127 
1. Culberson, Horn and McKetta: 3500 0.959 0.913 1.121 1.518 2.291 
Trans. AIME, (1950) 189, 1. 4000 0.982 0.951 1.163 ab 82 2.413 
x 4500 1.009 0.986 1.192 1.640 2.498 
2. Dodson and Standing: API Drill. 5000 1.032 1.014 1.222 1.698 2.571 
and Prod. Prac., (1944) 173. 6000 1.080 1.060 1.287 1.791 EDA 
3. Keenan and Keyes: Thermodynamic 7000 1.112 1.098 1.350 1.867 2.867 
Properties of Steam, John Wiley and 8000 1.126 1.142 1.412 1.930 3.011 
Sons, (1936) 39. 9000 1.129 1.187 1.464 . 1.998 3.154 
10000 1,133 1.228 1.500 2.063 3.290 
4. Winkler: Z. Physik. Chem., (1899) 14.7 0.0240 ~———*0.0105* sp 
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RELATIVE PRODUCTIVITY OF PERFORATED CASING - II 


ROBERT A. HOWARD AND MARSH S. WATSON, JR., JUNIOR MEMBER AIME, UNIVERSITY OF OKLAHOMA, 


ABSTRACT 


The effect of depth of formation 
penetration by casing perforations has 
been studied by means of an electro- 
lytic model. It is found that the relative 
productivity of perforated casing is 
profoundly affected by the depth to 
which the formation is penetrated. The 
first in. of penetration is of especial 
importance. A scaling equation which 
was shown to agree with experimental 
results at zero penetration is used to 
calculate the relative productivity of a 
scaled down casing with scaled down 
perforations. 


INTRODUCTION 


In an earlier paper’ the authors 
showed that the point sink representa- 
tion of casing perforations is inade- 

1IReference given at end of paper. 


Manuscript received in the office of the Pe- 
troleum Branch March 10, 1950. 
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FIG. 1— VARIATION IN RELATIVE PRODUC- 
TIVITY WITH PERFORATION DENSITY FOR 
12-IN. CASING WITH 0.5-IN. DIAMETER PER- 
FORATIONS FOR VARIOUS PENETRATION 
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quate. It was pointed out at that time 
that while the electrolytic model results 
were a marked improvement over point- 
sink calculations, they still left a great 
deal to be desired in that the electro- 
lytic model represented a case not re- 
alizable in practice, namely, a clean 
hole through the casing but undis- 
turbed formation on the other side of 
the casing. Obviously, to be effective, 
the perforation must penetrate a finite 
distance into the producing formation. 
It was the purpose of the present inves- 
tigation to find how the relative produc- 
tivity of perforated casing varies with 
depth of penetration. 

The term “depth of penetration” as 
used in this paper refers to the distance 
which the perforation penetrates the 
producing formation. The amount of 
casing and cement penetrated is not 
taken into account, a fact which is dis- 
cussed more fully later. The “casing 
radius,” therefore, is to be interpreted 
as the radius of the boundary between 
cement and formation wall, in cases 
where the casing is not in contact with 


_the formation wall. 


APPARATUS 


The electrolytic model experimental 
setup was identical with that described 
in the previous paper’ except that the 
platinum electrodes were now allowed 
to project from the lucite cylinder by 
varying amounts. When fewer than 
eight electrodes were used, the unused 
ones were covered with a coat of insu- 
lating material to minimize disturbances 
to the current flow-lines. Comparison 
runs made with the unused electrodes 
uninsulated, however, showed that the 
values of Q/Q, so obtained did not 
vary by more than the experimental 
error from the values obtained with the 
unused electrodes insulated. 
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RESULTS 


The variation of relative productiv- 
ity* with perforation density is shown 
tor various penetration depths from 0 
to 4.03 in. in Fig. 1. It will be seen that 
even one in. of penetration into the 
formation results in a huge increase in 
the relative productivity. Moreover, as 
the depth of penetration increases, it 
becomes less and less advantageous to 
use large perforation densities, 80 per 
cent of open hole productivity being ob- 
tained with only three 0.5-in. diameter 
holes per foot when the penetration is 
4.03 in. 


*Relative productivity is defined here as the 


ratio of the production through the perfora- 
tions to the production through an uncased 
hole of the same radius as the “casing radius.” 
This ratio does not correspond exactly to actual 
field conditions, for the comparison between 
rates of flow in the cased and uncased hole 
assumes the same pressure differential between 
the outer boundary and the well bore in each 
ease. Since fluid friction will cause a pressure 
drop along the casing or tubing which is pro- 
portional to the rate of flow, the pressure at 
the formation face will not be quite the same 
in the two cases. 


1 2 3 4 
DEPTH OF PENETRATICN-INCHES 


FIG. 2— VARIATION IN RELATIVE PRODUC- 
TIVITY WITH DEPTH OF PERFORATION PENE- 
TRATION FOR 12-IN. CASING WITH 0.5-IN. 
DIAMETER PERFORATIONS FOR VARIOUS 
PERFORATION DENSITIES. 
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FIG. 3— VARIATION IN RELATIVE PRODUC- 
TIVITY WITH PERFORATION DENSITY FOR 6- 
IN. CASING WITH 0.25-IN. DIAMETER PER- 
FORATIONS 
DEPTHS. 


Fig. 2 shows the variation of relative 
productivity with depth of perforation 
penetration for various perforation den- 
sities from 1 to 8 per ft. From these 
curves it is evident that the initial in. 
of penetration is, relatively, much more 
important than an additional in. of 
penetration. 


The platinum electrodes used in this 
work had a conductivity about 2x 10° 
times that of the electrolyte, so that 
they could be considered to be effec- 
tively perfect conductors, corresponding, 
therefore, to perforation holes offering 
no flow resistance. Under such circum- 
stances one would expect, from theoreti- 
cal considerations, that the productiv- 
ity would increase without limit as the 
depth of penetration is increased. The 
flattening of the curves of Fig. 2 at 
the greatest depth of penetration is an 
indication that this expectation would 
be borne out by electrolytic model 
studies if the penetration depths were 
increased. Since the perforation hole 
does offer a small flow resistance, 
the productivity will, in actual practice, 
approach a limiting value as the depth 
of penetration is increased. It js alto- 


gether possible, however, that the pro- . 
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FOR VARIOUS PENETRATION: 


ductivity from perforated casing may 
exceed 100 per cent of open hole pro- 
duction even when the flow resistance of 
the perforation hole is taken into ac- 
count. This will certainly be true in 
the case of formations of low perme- 
ability. 

It has previously been shown that one 
may construct an approximate formula 
for computing the relative productivity 
of perforated casing when the dimen- 
sions of casing and perforation hole are 
each k times those for which the varia- 
tion of relative productivity is known. 
The equation which was obtained was 


(oe 


ese Bese aa z 

In k 

k(1- ) 

In tere 
Where 
(Q/Q.)’ is the desired relative pro- 
ductivity, 

2/0, is the relative productiv- 


ity which is known for 
certain casing and perfor- 
ation radii 
lar is the drainage radius for 
the known case 
and r, is the casing radius for 
the known case. Fig. 3, which shows 
the variation in relative productivity 
with perforation density for various 
penetration depths for 6-in. casing with 
.25-in. diameter perforations, was ob- 
tained from calculations using the 
above formula and the experimental 
results shown in Fig. 1. Fig. 4, using 
the results of the calculations for Fig. 
3, shows the variation in relative pro- 
ductivity of 6-in. casing with 0.25-in. 
diameter perforations with depth of 
penetration for various perforation den- 
sities. 


CONCLUSIONS 


Since the curves of Figs. 2 and 4 are - 


very steep for small depths of pene- 
tration, it will be seen that, if the per- 
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meability of the formation very near 
the well bore is in any way markedly 
reduced during completion of the well, 
the effective depth of penetration will be 
reduced and the productivity appre- 
ciably lessened. Obviously any plugging 
of the shot holes which results in ap- 
preciable resistance to the flow of fluids 
through them will result in markedly 
decreased productivity. Finally, the 
reader is reminded that such electro- 
lytic model studies as this represent the 
flow of a single, homogeneous, incom- 
pressible fluid through an isotropic 
permeable formation. 
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HIGH PRESSURE WATER INJECTION FOR MAINTAINING 
RESERVOIR PRESSURES, NEW HOPE FIELD, 
FRANKLIN COUNTY, TEXAS 


ALBERT S. TRUBE, JR., TIDE WATER ASSOCIATED OIL CO., HOUSTON, TEX., AND SAM N. DeWITT, SEABOARD 
OIL CO. OF DELAWARE, DALLAS, TEX., MEMBERS AIME 


ABSTRACT 


This paper presents a discussion of 
the pressure’ maintenance operations 
which were begun in the New Hope 
Field, Franklin County, Texas, in 1944. 
The project has required the injection 
of extraneous waters at depths from 
7,300 to 8,000 ft with intake well-head 
pressures up to 4,000 psi in three dif- 
ferent reservoirs — the Bacon, Hill, and 
Pittsburg. 

Records of oil and water production, 
water injection and the GOR have been 
kept for each reservoir and reservoir 
pressures were taken at regular inter- 
vals. These data indicate that the Bacon 
Reservoir had no apparent water en- 
croachment up to the time of water in- 
jection. However, the Pittsburg and 
Hill reservoirs had some natural water 
influx but not sufficient to prevent pres- 
sures from declining below the bubble 
point. The Bacon and Hill reservoirs 
responded almost immediately to water 
injection, while the Pittsburg, which 
is the least permeable, has shown good 
pressure response only since August, 
1948. 

The principle objective of the project 
has been to increase ultimate recovery. 
Success of the project to date also has 
resulted in reduced lifting costs. Esti- 


IReferences given at end of paper. 
Manuscript received in the office of the Pe- 
troleum Branch September 10, 1949. 
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mates based on the initial water break- 
through patterns indicate that the pri- 
mary objective of substantial addi- 
tional recovery will be accomplished, 
and there is a possibility that the origi- 
nal estimates of oil recovery with pres- 
sure maintenance will be exceeded. 


INTRODUCTION 


This pressure maintenance project 
was one of the earliest primary pres- 
sure maintenance programs to be at- 
tempted on a multiple zone field. There 
are three producing reservoirs into 
which water is being injected for the 
purpose of maintaining pressure and 
increasing the ultimate recovery from 
each. This paper is limited in scope to 
an account of the development of the 
project, the pressure production rela- 
tionship prior to the injection of water 
and the effect of water injection on the 
producing reservoirs. Also discussed 
are the nature of the injection system 
and the indicated results on initial 
water break-through in the Bacon 
Reservoir. 


FIELD CONDITIONS 


The New Hope Field, which is  lo- 
cated about 12 miles northeast of 
Winnsboro, Franklin County, Texas, is 
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an elongated symmetrical anticline con- 
taining four known oil reservoirs. The 
reservoirs are of the Trinity group of 
the Comanchean or Lower Cretaceous 
period and are found in Table I. 


The oil productive portion of each 
reservoir is not present in all of the 
producing wells because their areas 
and positions vary with respect to one 
another. Fig. 1 shows the relative posi- 
tion of the four reservoirs and illus- 
trates how some wells could penetrate 
all four, while others are restricted to 
three, two, or perhaps one, depending 
on structural location. The first three 
reservoirs contain undersaturated oil. 
The deepest, the Elledge, has a primary 
gas cap. Although this reservoir covers 
a considerable area of the field, it has 
a very thin section and a low order of 
permeability. Elledge producing wells 
have generally been characterized by 
an early increase in GOR, making it 
necessary to recomplete them in other 
reservoirs. (At present, one well is com- 
pleted in the Elledge, which is still pro- 
ducing.) Because of the difficulties en- 
countered in producing oil from this 
reservoir, and the small quantity of oil 
actually present, future attempts at pro- 
ducing it will probably be on a salvage 
basis during the later life of the pro- 
gram. For this reason, the remainder 
of this report will be confined to a dis- 
cussion of the Bacon, Hill and Pitts- 
burg reservoirs. 
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NEW HOPE FIELD, FRANKLIN COUNTY, TEXAS 
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Table I 
Estimated 

Reservoir Type Average Depth Productive 
_ Name Formation Ft Area—Acres 

Bacon Oolitic Limestone 7,300 4,609 

Hill Sandstone 7,400 1,284 

Pittsburg Sandstone 7,900 3,304 

Elledge Sandstone 8,200 2,890 


The location of the reservoirs with 
respect to each other has been condu- 
cive to dual completions. Fifty-nine pro- 
ducing wells have been drilled in the 
field to date; not included in this figure 
are two non-commercial Bacon produc- 
ing wells, and one dry hole, each of 
which was converted into a water injec- 
tion well. Two wells which were drilled 
as injection wells are not included. 
Three of the 59 producing wells have 

-been converted into water injection 
wells, making a total of 56 producing 
wells and nine dual water injection 
wells as of October, 1950. Most of 


these 56 have been dually completed: 


at one time or another and at the pres- 
ent time there are still 11 dually com- 
pleted producing oil wells, while eight 
of the nine injection wells are also used 
as dual water injection wells. 


The data in Table II represent aver- 
age values which have been obtained 
from an analysis of many samples of 
the producing formations, all of which 
were cored with water base drilling 
mud. Electric logs were made on all 
wells prior to setting casing, which in 


turn has furnished an additional means 
of checking the position and content of 
the various reservoirs. Representative 
bottom hole oil samples were obtained 
early in the life of each reservoir and 
these data have also provided a valu- 
able basis for. evaluating reservoir be- 
havior. The estimated quantities of 
original oil in place in each of these 
reservoirs are based on the above fac- 
tors, all of which have been well estab- 
lished on a statistical basis. 


Using the oil in place value and the 
compressibility of the saturated oil 
(Items 8 X 15), the volume of stock 
tank oil production per pound drop 
was determined for each reservoir and 
is shown in Item 19. Item 19 repre- 
sents the expected behavior of all of 
the stock tank oil in place between 
original and saturation pressure if no 
water drive is present. In this deter- 
mination, errors are introduced. by neg- 
lecting the change in formation volume 
factor and by assuming the compressi- 
bility factor to be constant over the 
entire pressure range. These errors are 
very small, however, in comparison with 
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the substantial differences caused by 
water encroachment and will be con- 
sidered negligible in comparing with 
actual reservoir performance. 


PRODUCTION HISTORY 


Pressure performance and produc- 
tion data have been recorded and are 
shown on a semi-annual basis in Tables 
III, IV, and V, and in graphical form 
on Figs. 3, 4, and 5. Available data 
on the Elledge Reservoir are incom- 
plete and are not included in this re- 
port. As previously pointed out, the oil 
in the Bacon, Hill and Pittsburg res- 
ervoirs is considerably undersaturated 
in each case. Because of this, it was 
possible to determine the presence or 
lack of water influx in each reservoir, 
and to show definite need for water 
injection long before pressures ap- 
proached the bubble point. 


Bacon Lime Reservoir 


Referring to Table III and Fig. 3, 
it can be seen that the rapid rate of 
pressure decline even with low average 
producing rates becomes evident at 
once. Reservoir pressure dropped 365 
psi between May 1, 1943, and August 
9, 1944, during ‘which time the average 
producing rate was 436 B/D. During 
the following period, between August 
9, 1944, and April 1, 1945, the reser- 
voir lost 890 psi while averaging 1,229 
B/D of oil. In each case, the reservoir 


Table II — Characteristics of Reservoir and Contents 


~ Item Bacon Hill Pittsburg Elledge 
BENG: Lime Sand Sand Sand 
Ss ee a ne ee 5-443 3-5-44 4-26-43 2-19-44 
eee ee eee hoe 440’-900/ 440’—900' 440/—900/ 440’-900' 
Aca isProrationn Unity sa Chess Torn wellls; We sediecin au adel nce ee we pe cpslaek nin oun tieeine Paints diel 40 40 Fe a i - ‘é 
5. Interstitial Water, % CD een ein tise ee aepern tnx cho eecete sve st acta a ak inte 25.41 ae Ae aa 
6. Porosity, % (GAYE Haim pa Ee ae hele ore Ge ene a oie RR is OE et 18.9 a a ine 
7. Permeability, md (Ge oO OTE see eae es ag Raion ar ark eons eae 379 as. ee Mee 
-§. Original Reservoir Pressure, Po, psig...........--- 00:2: 06 eee geen bees etn eee eee te 3,425 peace ties ae a 
Ceie Saturaplonmenressulos: bs Spay aachvsmneseatiorccmvtccusl mths ola ial e aT leslie) = cpap ters eile aod tishash laters 907 oe Maer aaa @) 
10sareHonmationsV OlamenPachonratcbsevee soc tceaseie tees sacar Aiie orm via serie Saat sie Giniae st nee nee ate ees ae dace ie 
Tiare Reservoir -Lemperatures ht. Boson matic e tars con sievsce wicletesany sje cp cie he el ecer ss apd np nl go edna ae ee fe 21 
12. - Reservoir Oil Viscosity at Ps and Tr. cent............ 5.5... e cece een eee seen 2 ie - : 
13. Stock Tank Oil Gravity, CAPI.................--.--55- Supine tau ae we bebop ase Le Ste Ee ae 
14. Solution Gas/Oil Ratio, cu ft/bbl.... 0.020... cee ee eee asec eae j 
15. Avg. compressibility of saturated oil between Po and Ps at Tr, bbl per million oan iiss Ba 
bbl per psi change in pressure..... 2... 6.2.0 0s sence eee e ee teeter nee ree ae He Sih 
16. Est. avg. ate pay ee ee eases i ghia ON AN Sa re aaa ate He ar ie 3. 
: . avg. initial productivity index, hy An AeA eau rc ony toon teem cata ; 
HG ee Sis of oyginal stock tank oil in place. Millions of bbl..................---...55- 44.89 12.84 29.92 2.74 
19. . Est. stock tank oil recovery between Po and Ps if no water — e i a 
drive present, bbl./psid. (8)........ 000000 ces ee ee deen eee cee ee ene ees 
(1) Weighted average from core analysis data. 
(2) Hlledge reservoir contains a primary gas cap. 
Original conditions estimated from available data. : 
(3) Barrels of stock tank oil per, pound_per square inch drop in pressure. 
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FIG. 3 — PRESSURE AND PRODUCTION STATISTICS FOR THE BACON LIME RESERVOIR. 


was producing about 550 bbl of stock 
tank oil per Ib drop. This rate of 
recovery is remarkably close to the 
value of 538 bbl psid referred to in 
Item-19, Table II. The fact that these, 
and subsequent surveys, showed little 
change in the rate of recovery was con- 
sidered a definite sign of little or no 
natural water influx. This conclusion 
was necessary even though the average 
reservoir permeability indicated that 
_at least a partial water drive should 
develop if such permeability continued 
out into the surrounding aquifer. It 
should be noted that the low produc- 
tion pressure drop relationship was 
consistent until the time water injec- 


tion began, but that the response to 
water injection was immediate even 
though the pressure continued to de- 
cline for one year after injection began. 
During the period October 1, 1946, to 
April 1, 1947, the production/pressure 
relationship increased from 570 to 
3,076 bbl/psid, or from 555 to 624 
bbl/psid on a cumulative basis. Subse- 
quently, as- additional injection facili- 
ties were installed, the downward pres- 
sure trend was reversed and has been 
increased from the low point of 1,936 
psig on April 1, 1947, to 2,913 psig as 
of April 1, 1950. 

The behavior of the producing wells 
was consistent with the pressure his- 
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tory. As the pressure declined, more 
and more Bacon wells ceased flowing. 
As the most shallow reservoir, the 
Bacon had been used for annulus pro- 
duction in the dual completion pro- 
gram. The Hill producing wells have 
always flowed but the Pittsburg Reser- 
voir, as will be shown later, was con- 
currently producing with a high rate 
of pressure decline. The net effect was 
that.only the Hill wells were available 
for dual completion and this in turn 
resulted in greatly curtailed production 
from the Bacon and Pittsburg. In ad- 
dition to this, it was obvious that an 
attempt to produce at high withdrawal 
rates would surely result in reservoir 
pressures declining below saturation 
pressure. The producing rates, there- 
fore, declined to an average of 639 B/D 
for the Bacon prior to the time defi- 
nite signs of improvement were shown. 
With the favorable response to water 
injection, and the subsequent return of 
reservoir pressures to higher values, 
more and more Bacon wells began to 
flow. All water free Bacon wells are 
flowing and average reservoir with- 
drawal rates are at an all-time high of 
2,316 B/D. 


Hill Sand Reservoir 


Table II shows that the permeability 
of the Hill sand reservoir averages 390 
md. This reservoir also has the most 
favorable distribution of permeability 
of all the zones. In referring to Table 
IV and Fig. 4, a contrast between Ba- 
con and Hill reservoir performance is 
immediately evident. The expected rate 


Table II] — Pressure and Production Statistics forthe Bacon Oolitic Lime Reservoir, New Hope Field 


NSD ct a sen aca aI ee nae eT 


a Bere 
Pressure Change tock-Tan' 
Wtd. Avg. : ——- Interval Rate of Prod. or Bbl/psi Drop 
Reservoir Per Cumu- Cum. Pes geeuls: Comte poe : Injection, B/D Ryne wes - 
Pressur Interval lative Tank Oi tive Wtr. ater nterva’ : 2 er mu- 
» Date psig : psi psi Prod. Bbl Prod. Bbl Inj. Bbl Days Oil Prod. | Wtr. Prod. | Wer. Inj. Inter. lative 
5-1-43 3,425 : 0 — — _ _— 
8-9-44 3,060 —365 —365 203 ,000 466 436 556 556 
4-1-45 2,535 —§25 —890 490,540 j 234 1,229 548 551 
10-1-45 2,316 —219 —1,109 611,285 183 656 551 551 
4-1-46 2,082 —234 —1,343 744,731 8,640 182 733 48 570 555 
10-1--46 2,044 —38 —1,381 861,634 14,317 62,000 183 639 31 339 3,076 624 
4-1-47 1,936 —108 —1,489 1,040,085 22,164 158,178 182 981 43 528 1,659 ae 
10-1-47 2,207 +271 —1,218 1,273 , 490 29,526 634,790 183 1,275 40 2,604 1,046 
4-17-48 2,485 +228 —990 1,566 , 832 44, 823 1,079, 157 183 1, 603 84 2,428 1, 583 
10-1-48 2,448 +10 —977 1,928 ,232 83 , 803 1,486,965 183 1,975 213 2,228 1,974 
/ 4-1-49 2,638 +190 —787 2,322 388 137 ,567 2,061,695 182 2,166 295 3,158 2,951 
a 10-1-49 2,952 +314 —473 2,732,768 189 ,092 2,625,083 183 2,243 243 3,079 5,778 
% 4-1-50 2913 —39 —512 3,154,281 241,547 3,075,713 182 2,316 327 2,476 6,161 
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HIGH PRESSURE WATER INJECTION FOR MAINTAINING RESERVOIR PRESSURES, 


NEW HOPE FIELD, FRANKLIN COUNTY, TEXAS 


of recovery from laboratory data was 
170 bbl/psid. (See Table II, Item 19.) 
The closest approach to this value was 
248 bbl/psid which was observed dur- 
ing the first interval between March 5, 
1944, and August 8, 1944. Thereafter 
the rate of recovery increased enor- 
mously, averaging 1,147 and 6,061 
bbl/psid during the following two in- 
tervals. This was very good evidence 
of the presence of natural water influx. 
Conclusive evidence was obtained when 
the producing rate was decreased to 
1,027 B/D between October 1, 1945, 
and April 1, 1946, resulting in a 42 
psi Imcrease in reservoir pressure for 
that period. 


The pressure behavior indicates that 
the natural water influx can sustain 
only a total outlet of about 1,000 B/D 
of stock tank oil with no water produc- 
tion. Water injection, therefore, was 
considered necessary in order to 
achieve a higher producing rate, to in- 
crease ultimate recovery by maintain- 
ing reservoir pressure and to control 
water influx. Water injection was 
‘started and, on Table IV and Fig. 4, 
it should be noted that pressures are 
now fairly stable around 3,000 psi at 
an average withdrawal rate of about 
1,500 B/D. The bbl/psid relationship 
becomes meaningless on an interval 
basis once pressure begins increasing 
but on a cumulative basis, a tendency 
for the figure to level off indicates 
stable conditions. On Table IV. it is 
noted that the cumulative bbl/psid was 
at a fairly constant value between Octo- 


ber 1, 1945, and October 1, 1947. This - 


indicated fairly stable conditions at 
rates of about 1,000 B/D. Subsequent 
increase in injection rates resulted in 
better movement of water into the res- 
ervoir, as evidenced by an increase to 
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FIG. 4 — PRESSURE AND PRODUCTION STATISTICS FOR THE HILL SAND RESERVOIR. 


3,547 bbl/psid at a 1,510 B/D aver- 
age withdrawal rate. 


Evidence of water influx into the res- 
ervoir has also been apparent from 
the behavior of producing wells located 
low on the structure. Table IV indi- 
cates some water production between 
October 1, 1945, and October 1, 1946. 
These wells were subsequently recom- 
pleted as Bacon or Pittsburg oil pro- 
ducing wells, and no water was pro- 
duced during the following year. Be- 
ginning with the October 1, 1947, pe- 
riod, however, other edge wells began 
producing small quantities of water, 
which has increased steadily and which 


will probably continue to increase as 
the reservoir is depleted. Reference 
to Fig. 2 shows that the Hill reservoir 
is the smallest of all in area and, be- 
cause of this, it also contains the few- 
est number of producing wells —16 at 
present. In order to combat the problem 
of water production from Hill wells, 
plans are now under way for the injec- 
tion of water at rates sufficient to re- 
turn the reservoir pressure at least to 
its original value. The attainment of 
this goal would permit the flowing of 
Hill production to a much higher water 
cut, resulting in a saving in lifting 
costs. 


Table IV — Pressure and Production Statistics for the Hill Sand Reservoir, New Hope Field, 


Franklin County, Texas 


$$ 
Pressure Est. Volume Oil Recovery 
Change Cumulative Stock-Tank 

Wtd. Avg. Stock Tank Cumulative Cumulative Interval Rate of Prod. or Bbl/psi Drop — 

Reservoir Per Cumu- Oil Water Water Time Injection, B/D 2 
Pressure Interval lative Produced Produced Injected Interval Per Cumu- 
Date psig psi psi Bbl Bbl Bbl Days Oil Prod. | Wtr. Prod.'| Wtr. Inj. | Inter. lative 
3-5-44 3,425 ; 3 

8-8-44 3,135 —290 —290 72,000 156 462 248 248 

4-145 2,789 —346 —636 469 ,000 234 1,697 1,147 737 

10-1-45 2,740 —49 —685 766,000 183 1,623 6,061 1,118 

4-1-46 2,782 +42 —643 953,000 3,000 182 1,027 33 ere 1,482 

10-1-46 Dolan ay +90 —553 1,091,000 17,653 27,000 183 754 80 143 1. 973 

4-1-47 2,717 —155 —708 1,283 ,000 17,653 43,619 182 = 1,055 0 91 1/812 

10-1-47 2,662 —55 —763 1,465,932 17,653 54,092 183 1,000 0 58 i 921 

4-1-48 2,809 +147 —616 1,639,608 19,244 206,150 183 949 9 831 2) 662 

10-1-48 2,828 +19 —697 1,879 ,286 23,149 461,199 183 1,310 21 1,394 3,148 

4-1-49 2,817 i —608 2,156 , 482 31,764 768,479 182 1,523 47 1,688 31547 

10-1-49 2,894 +77 —531 2,428, 662 38,842 1,234,059 183 1,488 - 39 2 544 4 574 

4-1-50 2,984 +90 —441 2,694,899 59, 854 1,654,551 - 182 1,463 115 27310 | 6,109 
Hy Peete. en ee es 
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FIG. 5 — PRESSURE AND PRODUCTION STATISTICS FOR THE PITTSBURG SAND RESERVOIR. 


Pittsburg Sand Reservoir 


Table II shows that the permeability 
of the Pittsburg Reservoir averages 61.1 
md, which is the lowest permeability 
of the three reservoirs under consider- 
ation. In addition to this, the Pittsburg 
sand has the least favorable perme- 
ability distribution of the three reser- 
voirs. Table II, Item 19, also indicates 
that the production pressure behavior 
of the Pittsburg Reservoir should be on 
the order of 458 bbl/psid if no nat- 
ural water influx is available. The first 
production pressure relationship, as 
shown on Table V, was observed for 


the period April 26, 1943, to Septem- 
ber 12, 1944, to be 583 bbl/psid. This 
value is consistent in that with low ini- 
tial water influx it was, and should 
have been the lowest’ value observed 
from field data. This relationship con- 
tinued to increase with observation of 
successive intervals, indicating the pres- 
ence of some natural water influx. How- 
ever, the slow rate of increase (in com- 
parison with the Hill Reservoir for in- 
stance) indicated that the natural water 
drive was not effective. Note that the 
production relationship for the Hill 
Reservoir, on an interval basis, in- 
creased almost 25 times over its initial 
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observed value and that, at best, that 
rate could sustain only 1,000 B/D of 
oil production from that reservoir. By 
contrast, the production pressure rela- 
tionship for the Pittsburg Reservoir 
over an equivalent period barely dou- 
bled in value. These indications, to- 
gether with the high rate of pressure 
decline and the high order of satura- 
tion pressure, made it imperative that 
the first water injection equipment ob- 
tainable be placed in operation for the 
Pittsburg Reservoir. The first water in- 
jection experiments were conducted on 
Pittsburg Reservoir wells and, until 
April 1, 1949, more water had been in- 
jected into this reservoir than into 
either the Hill or the Bacon. Table V 
shows that, although the Pittsburg re- 
sponse has been poor, a reversal in 
downward pressure trend was finally 
achieved just short of saturation pres- 
sure by the combined influence of de- 
creased average oil producing rates 
and increasing average water injection 
rates. It should be noted that pressures 
have been increasing since October 1, 
1947, resulting in a steady increase in 
the cumulative pressure/ production re- 
lationship. 


OIL RECOVERY 


Reservoir performance history shows 
that the Bacon and Pittsburg reservoirs 
would have been controlled by solution 
drive, and that the Hill Reservoir had 
a partial water drive. Estimates of re- 
covery by natural means were made 
using the method outlined by Babson’ 
for the Bacon and Pittsburg. For the 
Hill, however, additional estimates 
based on availability of reservoir water, 


Table V— Pressure and Production Statistics for the Pittsburg Sand Reservoir, New Hope Field 


Ose eee Pd ee 


z ‘ Oil Recevery-Stock 
ie Est. Volume | Interval Rate or Prod. Tank Bbl/psi 
Wtd. Avg. Pressure Change Cumulative Cumulative | : or Inj. B/D Drop 
Reservoir —| Stock Tank Water | Time 
Pressure Inter- Cumula- Oil Produced Injected Interval Stock Tank Water Per Cumu- 
Date ; psig val, psi tive, psi | Bbl Bbl Days Oil Prod. Injection Interval lative 
-26- 3,523 | 0 . . 
rene 3,126 —397 —397 231,400 504 | 459 583 es 
4-1-45 2,671 —455 —852 619, 400 | 200 1,940 853 oe 
9-12-45 2,409 —262 —1,114 975,899 | 165 2,161 1,361 rhe 
4-1-46 2,220 —189 —1,303 1,251,798 188,000 200 1,379 940 1,460 8 
10-1-46 1,958 —262 —1,565 1,514,450 367,000 | 183 1,485 978 1,002 ; A 
4-1-47 — 1,858 —100 —1,665 1,809,371 562,396 182 1,620 1,078 2,949 a u 
10-1-47 1,790 —68 —1,733 2,096,596 784,898 183 1,570 1,216 4,224 A UC 
4-1-48 1,840 +50- —1,683 2,318,222 1,159,671 | 183 1,211 2,048 ay 
10-1-48 1,971 +131 —1,552 2,540,735 1,401,052 | 183 1,216 1,319 ee 
4-1-49 2,012 +41 —1,511 2,770,235 1,771,041 182 1,261 2,033 ar a 
\10-1-49 2,126 +114 —1,397 3,018 ,257 2,203 ,385 183 - 1,328 2,363 aan 
4-1-50 2. 131 +5 —1,392 3,255,257 2,567,285 182 1,330 2,000 ; 
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flood pot experiments, and permeabil- 
ity distribution were made. As a result 
of this work it was found that normal 
recovery from the Bacon Reservoir 
would have been 170 bbl per acre ft, 
from the Hill 260 bbl per acre ft, and 
from the Pittsburg 155 bbl per acre ft. 
The increase in recovery, due to water 
injection, was originally estimated to 
be at least 45 per cent on the basis of 
permeability distribution. 


Indications to date are that the three 
reservoirs have been responding to 
water injection with no evidence of 
channeling. Because of the favorable 
reaction it is now believed that the 
ultimate recovery from the three reser- 
voirs will be increased at least 70 per 
cent over that recoverable by natural 
means. 


HISTORY OF FLOOD 
PATTERN DEVELOPMENT 


Bacon Reservoir 


In the Bacon Reservoir a_break- 
through pattern became evident early 
in 1948, after injection well No. 4, 
which, at that time, had taken 410,000 
bbl of injected water. This volume of 
water in turn represented reservoir oil 
which had been displaced out of the 
partially flooded area. The three pro- 
ducing wells immediately adjacent to 
injection well No. 4 were affected: the 
first on December 23, 1947, with an 
initial water cut of 15 per cent, the 
second on January 8, 1948, with initial 
water cut of 5 per cent, and the third 
on March 1, 1948, with an initial water 
cut of 34 per cent. The fact that these 
wells began making water within three 
months of one another indicated that 
the invaded region was expending uni- 
formly. This in turn was an indication 
of the absence of channeling. Subse- 
quent history shows that by October 1, 
1948, the water production from these 
wells had increased to 72, 40, and 80 
per cent respectively. About that time 
injection well No. 7 (see Fig. 2) was 
completed and water input into injec- 
tion well No. 4 was reduced to that 
quantity produced only by the three 
adjacent oil wells. As of August Al 
1949, the water production from these 
same three wells was 67, 44, and 4 
per cent respectively, injection well No. 
4 having taken 634,764 bbl of water. 


On September 1, 1950, the status of 
these wells was as follows: NIO, 60 and 
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4 per cent respectively. The first well, 
a west offset, has been shut down and 
its allowable transferred to other wells 
in the field, as provided by Railroad 
Commission field rules. The third well, 
a northwest offset, lies between injec- 
tion wells 4 and 7. The behavior of 
this well proves the effectiveness of in- 
jection well No. 7. 


In May, 1949, one of the producers 
offsetting injection well No. 3 began 
making 3 per cent water and by Sep- 
tember, 1949, water had broken into 
the three nearest wells. At that time 
injection well No. 3 had taken 634,000 
bbl of water into the Bacon. In June, 
1950, one additional offset well began 
making water, bringing the total water 
producers in this group to four. Be- 
ginning in April, 1950, however, the 
rate into injection well No. 3 was re- 
duced to the equivalent water produc- 
tion from its offsets, and in September, 
1950, water injection into this well was 
discontinued. Prior to curtailing water 
injection into No. 3 the offset water 
producing wells tended to make in- 
creasing amounts of water. After cur- 
tailing water injection into No. 3, the 
water production from the offset wells 
either stopped rising or began to de- 
crease. One well lying between injec- 
tion wells 3 and 7 started flowing pipe 


line oil again. This is further evidence 
of the effectiveness of injection well 
No. 7. 

Injection well No. 7 was drilled for 
the purpose of flooding oil out of the 
north and northeast portions of the 
Bacon and Pittsburg reservoirs. This 
well was completed and water injec- 
tion into the Bacon started in Septem- 
ber, 1948. Initial water break-through 
into the two nearest offset producing 
wells took place almost simultaneously 
in March, 1950, and by this time injec- 
tion well No. 7 had taken 526,000 bbl 
of water. By September 1, 1950, this 
well had taken 698,000 bbl of water. 
The west offset producer had been shut 
down and the southeast offset was mak- 
ing 65 per cent water. 


Injection well No. 1 had taken 815,- 
000 bbl of water as of September lI, 
1950, but as yet there has been no 
water break-through into its immediate 
offsets. 

Injection well No. 6 had taken 244,- 
000 bbl of water by March, 1950, at 
which time one Bacon producer on the 
west edge of the field began to make 
water. As of September 1, 1950, well 
No. 6 had taken 322,000 bbl of water 
and the break-through well was pro- 
ducing 20 per cent water. 


Injection well No. 9 was drilled for 


Table VI— Summary Showing Average Performance of New Hope Field 
Water Injection Wells in the Order in Which They Were Converted 
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: Water Well Head Average In- 
Ey Date of Injection Injection jection Rate 
No. on Injection Well Initial Capacity (1) Pressure 9-1-50, 
Map I Zones Injection B/D (1) psig] B/D 
Ne Lester Gilbert ”A’-2 
Bacon Apr., 1946 700. 3,900 200 
Pittsburg Oct., 1945 350 3,800 300 
2 H. V. Hanvie #1 
Hill June, 1946 1,450 1,400 _— 
Pittsburg Oct., 1945 490 4,000 220 
3. R. A. Gilbert #1 F 
Bacon Apr., 1947 750 1,900 — 
Pittsburg Feb., 1948 370 4,000 250 
4. ee Minshew #1 
acon May, 1947 1,190 1,800 4 
Pittsburg Mar., 1947 260 4,000 ae 
5. I. ee #2 
i Noy., 1947 1,360 750 1,170 
Pittsburg Aug., 1947 550 750 "350 
6. T. E. Hewett #1 
Bacon July, 1948 475 1,850 450 
Pittsburg Sept., 1948 810 3,750 500 
Te ie ee #3 6 
acon ct., 1948 1,550 1,500 1 
Pittsburg Sept., 1948 330 3,000 "300 
8. ae Bo Rhoades B-1i s 
i ept., 1950 1,800 1,800 1,700 
Pittsburg Sept., 1950 250 3/200 "250 
9. er Hope Unit 11 
acon Sept., 1950 1,500 2,000 deal 
Pittsburg Sept., 1950 800 3°000 "700 
a 
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the purpose of flooding oil out of the 
south and southeast portions of the 
Bacon and Pittburg reservoirs. This 
well was completed and water injection 
started in September, 1950. Although 
this well has not had time to take a 
large volume of water, it is anticipated 
that it will function equally as well as 
injection well No. 7. 


One characteristic observed is that 
the principal direction of a water front 
is toward the center of the reservoir, 
rather than around the periphery. The 
reason for this behavior may lie in the 
fact that the average capacity (md-ft) 
approaches zero near the reservoir lim- 
its and that most of the oil withdrawal 
is from the central area which has a 
high relative capacity. The location and 
behavior of the water producing wells 
is particularly encouraging. The ex- 
perience accumulated to date gives evi- 
dence that as yet there has been no 
channeling of injected water. 


Hil! Sand 


In the Hill there is evidence of wa- 
ter encroachment along the south and 
east flanks of the reservoir. Evidence 
concerning the present position of the 
water front on the north flank of the 
reservoir is still inconclusive because 
most of the Hill producing wells in 
that area are completed high in the 
sand. Injection well No. 8 was con- 
verted from a Bacon producer to a 
Hill-Pittsburg water injection well in 
September, 1950. Water injection into 
this area has not been sufficient to war- 
rant further discussion at this time. 


Pittsburg Sand 


In the Pittsburg sand one water 
break-through has been observed, this 
being in the offset producer nearest 
injection well No. 6, which occurred 


_in~June, 1950. At that time the injec- 


tion well had taken 323,000 bbl of 


- water. As of September 1, 1950, well 


No. 6 had taken 356,000 bbl of water 
and the break-through well was pro- 
ducing 67 per cent water. 


DEVELOPMENT OF THE 
WATER INJECTION 
- PROGRAM 


Because the initial calculations had 
indicated that the Pittsburg would be 


_ the most. difficult reservoir to handle, 


Vol. 189, 1950 


ALBERT S. TRUBE, JR. AND SAM N. DeWITT 


it was decided that injection should be 
started there first. Accordingly, a dry 
hole (see Injection Well No. 1 on 
Fig. 2) located on the south flank of 
the reservoir was converted into an 
injection well. During the following ex- 
perimental period, it developed that, in- 


_ stead of taking 7,000 B/D of water at 


1,300 psi injection pressure as calcu- 
lated from permeability data, the well 
required from 3,500 to 4,000 psi injec- 
tion pressure to take only 400 B/D. 
The experience with this well indi- 
cated that the permeability of the Pitts- 
burg Reservoir had decreased materially 
below the oil-water contact. This also 
accounted for the poor water drive as 


. evidenced by pressure behavior. Injec- 


tion of unaerated water into the shal- 
low, low permeability sands in the 
Bradford Field in Pennsylvania under 
pressures in the 1,000 to 2,000 psi range 
had been proved practical, but there 
were no previous experience data avail- 
able on water injection into deep hori- 
zons under the pressure conditions out- 
lined above.’ 


The experimental period had to be 
continued. During this time, additional 
studies of the physical and chemical 
nature of the reservoir formations, to- 
gether with the chemical properties of 
the available salt and fresh unaerated 
water, were made. No means were 
found by which injection pressures 
could be lowered without also decreas- 
ing the rate of water injection. Estab- 
lished practices in which the forma- 
tions were shot with nitroglycerine and 
acidized, together with chemical and 
bacterial control of the injected wa- 
ters, also failed to disclose any means 
of combating the problem. In short, 
the results of the experimental period 
disclosed that the only means of inject- 
ing water into the Pittsburg Reservoir 
was by the continued injection of un- 
aerated water into the first well at low 
rates and under the high pressures. 


A second attempt was made by con- 
verting another dry hole into a Pitts- 
burg injection well in the hope that a 
better injection well could be obtained. 
(See Injection Well No. 2, Fig. 2.) 
Water injection was started into this 
well on October 23, 1945. By that time, 
the first injection well had taken about 
13,000 bbl into the Pittsburg while 
the Pittsburg Reservoir itself had pro- 
duced about 1,000,000 bbl of oil with 
no water. The second Pittsburg injec- 
tion well proved to be no better than 
the first as it would also take only 
about 500 B/D of unaerated water at 
4,000 psi well-head injection pressure. 
Subsequent history shows that these 
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two wells averaged about 940 B/D, 
while reservoir withdrawal rate was 
held to about 1,400 stock tank B/D. 
Although the 940 B/D rate was consid- 
ered sufficient to cause some reflection 
in pressure decline, it was noted that 
no definite reaction was apparent which 
could be credited to water injection 
alone. Well No. 1 was subsequently 
converted to a Bacon-Pittsburg injec- 
tion well. The Bacon section in Well 
No. 2, however, had neither porosity 
nor permeability and, for this reason, it 
was completed dually as a Hill-Pitts- 
burg injection well. Subsequent devel- 
opment of the injection well program 
took place as shown on Table VI. The 
location of these wells, with respect to 
the various reservoirs, is shown on Fig. 
1. All of the injection wells, with two 
exceptions, were converted from’ dry 
holes, non-commercial producers, or 
producing wells located within the res- 


ervoir limits. 


Injection wells Nos. 7 and 9 were 
drilled intentionally as Bacon-Pittsburg 
water injection wells. 


WATER SUPPLY AND 
FIELD SYSTEM 


Extraneous water for the injection 
system has been supplied from three 
fresh water wells in the shallow Wilcox 
sands and one salt water well which is 
completed in the Woodbine sand. This 
water is delivered under pressure as 
needed to surface storage tanks by 
means of deep well centrifugal pumps. 
Particular caution has been exercised 
in keeping air away from this water 
once it reaches the surface. The system 
is completely closed and at no point 
is the line pressure allowed to go be- 
low five psig. Vessels are equipped so 
as to maintain a gas seal. 


No difficulties are encountered in 
the injection of air-free extraneous wa- 
ter other than the unusually high in- 
jection pressures. No plugging action 
has been experienced to date because 
of extraneous water injection. Consid- 
erable difficulty has been experienced, 
however, in the attempt to inject pro- 
duced water along with extraneous 
water into the Bacon Lime. A prelimi- 
nary investigation disclosed the for- 
mation of precipitates with various 
mixtures of extraneous and produced 
water. A complete account of the prob- 
lem is beyond the scope of this report. 
It should be stated, however, that to 
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date the injection of the comingled 
water along with various treating agents 
has been unsuccessful. Two injection 
wells- (Nos. 4 and 7) were almost com- 
pletely plugged as a result of these 
experiments, necessitating clean - out 
and acidizing operations to get them 
back in condition. The problem has 
since been overcome by injecting only 
produced-water into the Bacon section 
of injection well No. 4. This well is 
now taking all of the produced-water 
under vacuum. Although the injection 
of comingled water has presented a 
challenge, it is believed that additional 
research and experiments will even- 
tually provide a complete solution of 
the problem. 


The water is injected into the high 
pressure wells by means of vertical 
type, positive displacement, triplex 
pumps. These pumps can operate at 
pressures up to 5,000 psi. Water for 
the lower pressure wells is injected by 
means of horizontal, positive displace- 
ment reciprocating pumps similar to 
those used in the East Texas Field and 
other areas. These pumps can operate 
up to about 2,000 psi. 


Experience has shown that it has not 
been practical to inject the salt water 
at very high pressures. Much difficulty 
was encountered in the attempt to in- 
ject salt water into the Pittsburg Reser- 
voir under pressures in the 4,000 psi 
range. Most of the down-time was 
caused by plunger scoring and packing 
failures resulting from this attempt. 
For this reason it has been necessary 
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to inject only fresh water into the 
Pittsburg sand. The salt water, there- 
fore, has been diverted to the lower 
pressure systems serving the Bacon and 
Hill reservoirs, and the resulting per- 
formance has been much more satis- 
factory. With existing equipment, the 
injection of fresh water is limited 
mainly by the ability of the overburden 
to withstand the pressure imposed. For 
this reason, Pittsburg well head injec- 
tion pressures are kept below 4,000 
psig. Fig. 2 shows how the various field 
lines, pumping stations and water sup- 
ply wells are located with respect to 
the water injection wells. These sys- 
tems are tied in with one another so 
that it is possible to deliver salt water 
or fresh water to the injection wells 
as needed. 


CONCLUSION 


The project, while still in its pre- 
liminary stage, has demonstrated the 
feasibility of controlling reservoir pres- 
sures by the injection of water even 
under difficult conditions. From an op- 
erating viewpoint, the maintenance of 
pressure alone has been worthwhile by 
sustaining flowing production from all 
except a few wells. Indications had 
already become apparent that it would 
be difficult to -—produce the wells by 
artificial lift with low fluid levels, par- 
ticularly with gas coming out of solu- 
tion in the immediate vicinity of the 
producing wells. 


PETROLEUM TRANSACTIONS, AIME 


We believe that the project is a step 
forward in the practical application of 
sound engineering principles in the 
control of reservoir performance for 
the purpose of increasing ultimate re- 
covery, and perhaps most important of 
all for the prevention of reservoir waste 
and the conservation of natural re- 
sources. 


ACKNOWLEDGMENT 


Appreciation is expressed to the re- 
spective managements of Tide Water 
Associated Oil Co. and Seaboard Oil 
Co. of Delaware for permission to pub- 
lish this report. 


Special acknowledgment is given E. 
B. Miller, Jr., for his helpful sugges- 
tions in preparing the paper. Special 
acknowledgment is also expressed to 
the New Hope Field production per- 
sonnel, and especially to R. H. Coe, H. 
P. Shackleford, H. D. Spires, and J. L. 
Grolemund, who have been largely re- 
sponsible for carrying on the field op- 
erations since discovery. 


REFERENCES 


1. E. C. Babson: Trans. AIME (1944), 
155, 120. 


2. P. D. Torrey: Trans. AIME (1930). 
86, 259. k wk * 


Vol. 189, 1950 


me >, 


TP. 2937 


PERFORMANCE OF THE LOWER PAWELEK RESERVOIR, 
FALLS CITY FIELD, KARNES COUNTY, TEXAS 


JOHN W. CRUTCHFIELD, CRUTCHFIELD AND PRUETT, CORPUS CHRISTI, TEX., AND EMIL F. BOWERS, SOUTHERN 


MINERALS CORP., CORPUS CHRISTI, 


ABSTRACT 


This paper presents the initial results of a pressure mainte- 
nance by water return project in the Lower Pawelek reservoir 
of the Falls City Field, Karnes County, Southwest Texas. Pro- 
duction is from the Lower Wilcox section at an average depth 
of 6,030 ft on the downthrown side of a “down to the coast” 
fault. Of particular interest is that the reservoir oil is high 
gravity and low viscosity but far undersaturated with gas at 
the original reservoir pressure and temperature. The early 
pressure and production history indicated only a partial or 
limited water drive, and this fact, coupled with the charac- 
teristics of the reservoir fluid and artificial lifting problems, 
made advisable the water injection program to maintain reser- 
voir pressure. 

The paper includes a description of the reservoir and reser- 
voir fluids, the pressure and production history, a description 
of the water injection facilities, and the results of reservoir 
calculations involving Hurst’s unsteady state flow and the 
material balance equations for calculation of water influx 
and. prediction of the pressure-production relationship at 
various rates of withdrawal. 

The reservoir calculations and-initial field results indicate 
that reservoir pressures in excess of 85 per cent of original 
pressure can be maintained by control of water injection even 
at very high rates of production. 


_ INTRODUCTION 


The purpose of this paper is to report the initial results 
of a pressure maintenance by water return program in the 
Lower Pawelek reservoir, Falls City Field, Karnes County, 
Texas, and to calculate an empirical relationship between pres- 
sure and production in this limited or partial water drive 


reservoir. 


1References are given at end of paper. 

Manuscript received at office of the Petroleum Branch December 5, 
1949. Paper presented at a meeting of the Southwest Texas Section of 
the Branch in Corpus Christi, Mex, November 16, 1949. 
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DISCUSSION 


Location 
The Falls City Field (Fig. 1) is located two miles north 
of the town of Falls City in Karnes County, Texas, and is 


approximately 50 miles south-southeast of San Antonio on 
U. S. Highway 181. 


Discovery and Development 


The initial block of leases was taken after a surface geologi- 
cal survey identified a major east-west fault and closure on. 
the south or downthrown section. The discovery well, South- 
ern Minerals Corporation’s Joe F. Bartosch 1, was completed 
at 4,650 ft in the Lower Bartosch sand in December, 1944. 
Drilling was continuous until December, 1946, and resulted 
in the discovery of 12 oil reservoirs between 4,600 and 6,050 
ft in the Middle and Lower Wilcox formations. These are 
shown on the cross-section (Fig. 2). As of the current date 
there are 64 oil wells completed as follows: 


Southern Gulfshore Magnolia 
Minerals Oil Petroleum 
Reservoir Corp. Co. Corp. Total 
Upper Bartosch 0 0 0 0 
Lower Bartosch 16 0 0 16 
Shulze 7 0 1 8 
Upper Faires 2 0 0 2 
Lower Faires 4 0 0 4 
Upper Moczygemba 0 0 0 0 
Lower Moczygemba 2 0 0 2 
Olinick 2 0 0 Z 
Upper Martinez 0 0 0 0 
Lower Martinez 5 0 0 5 
Upper Pawelek 0 I 0 1 
Lower Pawelek 27 1 3 rales 
Total 65 2 4 71 
335 


T.P. 2937 PERFORMANCE OF THE LOWER PAWELEK RESERVOIR, FALLS CITY FIELD, 
KARNES COUNTY, TEXAS 


of Solemer Ottine 
nN Shela Ore 


om ‘Dorset Cr- 


Pay 
x A 
CX 
c San Antonio E 


7 One os * : . 
ee She sanrn ye y oN : Pye 
SS 


QVission 
Somerset 


Collier 
° WGorado, 


72 1 ms End < Mustong oY, 
CoM Roncng 


arm le} 
hhthetietd sgron CO Nursery 


ATA S Oo SoA * ke a 
Ovnerlette 2 Imogene ~huil ed KOA RN E S . PRINS ON oy Volley Telfernerc Ces oe 
Yourdanton Onysow pun We ONC Efolterneyry oe Obelira 
‘Ss 


; lick ; 
leew De cer City en N.PorterQ2, oy b7" weesoche ws ee rithm 5 . woes Francite 
> mecoanir” Dees (om me eee ) DS Hughek °* Kearon Q 
@DAlbrecht QN.Goliad . entoCr * OF Piacedo ash 
M Pettus words Cr Or ologne fee 
Hei a on care SH cue tena 8 eaartaRiayser bth 
G20 AE A-yD Terrell Koy Ce Onkee dain Sheri SP aS 


bine Anaque, 
sirouth Wilcox Sige ai Nate Gott; yO ae = 
Callihom 


hee htutryp— ~ f 
Normonna ocennoven 
ville Z 2 fe) nnd x OU -———~ 
ma oe ie Agi Of mnie Ore 
| som mao 20 fo eetate rE © Nn - Grete, 
itti@O an 
Exrell (SS ends OA x \ee 3 OChureh g OPE A Tom O'Connor 
Mm mone ’ . 

MC MULLEN White Gr S$. Blonconiog FuGI 


+“OS.White Cr. : Rétugio! 
° ‘ r 


OCsreen Branch Sen cof 4 


+ 


| 
Pee 


eo” West 
' NW. Mc Neil MY Luca; 
ee owe Meneil O Oshnasr Sa Lo Rose ONE Ae 
aes east 
a bee PS 
Romirong jonennie E Mothis en fi IZ 
(a) If 
4 ) 
i (7 


Lo esd, Csonne View 


Hinnont with 2) b 
““Bollogher 
Wode Bie) MNo.S AN 
sete 7% Ge Lore ON Otem Mi ei: 


odem 
ieipin 8 reyp0009) by 
Government Wells a Bink ees aN 
Ss )\ iitroetera Bel Se \immon® Ite O, side \ 
5 


Moco () |Lunde// fa) sores Yh imnons Brown lee wa 100 c 1b Ss So \ 
OLrk5\ sornosa. Soret f 
Colmena, eyes? afl hot pone 
nodes O estiet Csowa it \M,,,WELLS os fate 


Omre Hottmen On geneae = Alice Cre vinnie \Galdwin — 

copes Peters ane Cm OShiela 

Of Peters OPalang ali el BiSacott 
‘ 


OUVAL ; Os rp as 
cpberyes ites pores. 7 Mog. free On rury 


Bandera 
' 


Ricord 
Oporregas Ons ingaville 


|Seeligson 
KEE ER 


Tijerine 


7 ’ conales 

! Boftins Boy 

Ovrecsor pied | a OM OE Foiturrios Mirrerater: 
@verando oN Oren Bienco La Gloria 

Animes (Armetrong =) dem Sullivane) 


—_— 


; O @facha! 
Mesa, Alta hese 


‘Koleey 


se Ao gm eee Le 


DP Roymondvitte 


Sel Viejo 
a 


f 
Wee aa IR 
OF 


anos GR 


Cae 


G6"? QS. wesioco S 
QLonda Osonte Moria Point tea ge! SS 


FIG. 1 — OIL AND GAS FIELDS OF SOUTHWEST TEXAS. 


336 3 PETROLEUM TRANSACTIONS, AIME Vol. 189, 1950 


7 
pe 


Vol. 189, 1950 


JOHN W. CRUTCHFIELD AND EMIL F. BOWERS 


A deep test well was drilled in 1949 to 10,235 ft which 
penetrated the Edwards formation and a portion of the Glen- 
rose formation. No commercial oil or gas production was indi- 
cated below the Lower Wilcox. 


LOWER PAWELEK RESERVOIR 
Geological Data 


The Lower Pawelek reservoir is an elliptical, low relief 
structure with sand thicknesses ranging from 25 to 40 ft. The 
producing formation (Fig. 3) has been encountered as high 
as 5,663 ft subsea, and original water table has been estab- 
lished by drill stem tests at 5,716 ft subsea, indicating a maxi- 
mum oil column of 53 ft. No gas cap has been encountered. 


The average net effective oil sand thickness (Fig. 4) is 
16 ft and the producing area includes 919 acres. The produc- 
ing formation can be described as medium grained, gray, 
calcareous sand sometimes being interbedded with shale. 
Analyses of 47 core samples from two wells indicate an aver- 
age porosity of 24.5 per cent and average permeabilities 
parallel and perpendicular to the bedding plane of 311 and 


Southern Minerals Corp. 
Martinez Mercantile No. 4 


Southern Minerals 
Martinez Mercantile No. 5 
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121 md, respectively. Connate water saturations by restored 
state or capillary tests were measured in three cores, and are 
calculated to average 37 per cent of pore space corresponding 
to the average permeability and to the average height of sand 
above water. A summary of reservoir data is presented in 


Table I. 


Engineering Data 


Because of the multiplicity of producing sands and the 
desire to complete some wells in each of the productive reser- 
voirs, it was not possible to uniformly pattern the producing 
wells over the Lower Pawelek reservoir. The average well 
density is 34 acres per well; however, the minimum distance 
between offsetting wells is 660 ft. 


Completion practice was to core into the Lower Pawelek 
sand, bottom the hole approximately five ft above the water 
level, set 514-in. casing to bottom, and gun perforate the lower 
five to ten ft of sand. An effort was made to select completion 
intervals between impermeable barriers and breaks. The lat- 
ter one-half of the wells were completed with multi-stage 
cementing devices set at approximately 5,600 ft for added 
protection against migration of reservoir fluids in upper sands. 
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The first Lower Pawelek reservoir pressure measured was Table I — Reservoir Data 
2,583 psi in Bartosch 1-A in November, 1945, at which time Falls City Field — Lower Pawelelo Sand 
the cumulative production was 23,13? bbl of oil. Pressures as Otighel OLWae Gua es 5,716 


high as 2,611 psi (Olinick 6, March, 1946) have been meas- OE 
ured, and the original reservoir pressure has been assumed to Average P orosky> B er Cont Sonnac : 
be 2,625 psi. The subsurface pressure datum plane is 5,685 ft Permeability, Millidarcys 
subsea, midway between the crest of the structure and the Parallel to Bedding Plane Mkt Be At ae ee ee cee 
original level Perpendicular to Bedding Plane... 121 
ginal water level. 
oN Be Connate Water, Per Cent of Pore Space —..-_- 37 
A subsurface sample of Lower Pawelek reservoir oil and ‘Averdive*NetiPay Section, Wt ae os eee een 16.1 
gas was taken in November, 1945. Flash liberation, differential p,oauctive Area nee MARS eres ee. 919 
liberation, and viscosity data are shown in Figs. 5, 6, and 7. petimated Oil in Place. MM Reservoir Bbl. 17.70 
Briefly, the sample showed a saturation pressure of 797 psi Original Reservoir prescs psig at 5,685 Ft SS. 2,625 
at the reservoir temperature of 190°F. The stock tank gas-oil Revervols. Teniparature po JOR ig oa eta is aaa i 190 
ratio at zero lb separator pressure was 167 cu ft per bbl with Chariclen vite ok Sipe Ie Oil** 
an API gravity of 39.2 degrees and a shrinkage factor of Disschiod Cas-Oil Ratio ee 167 
0.847. The oil viscosity was 1.03 centipoises at original reser- Shrinkage Facioe Bl Siuck-Tank Oil 
voir conditions, and 1.64 centipoises at atmospheric pressure Ped Reservar Bbl ani 0.847 
and reservoir temperature. Oil Gravity-API ok See 39.9 
An analysis of bottom water from the reservoir indicated a Sodium Chloride Content of Connate Water, PPM... 18,690 
salinity of 18,691 ppm chloride. It is of interest to note that Viscosity of Original Reservoir Oil Centipoises...____ 1.03 


five of the upper reservoirs in the Falls City Field are under- 


lain with water having chloride contents of less than 5,000 *Average of approximately 47 determinations on cores from two wells. 
**Original reservoir oil produced under separator conditions of 0 psi and 
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Pressure-Production History 


A total of eight shut-in subsurface pressure surveys (Fig. 
8) had been made in key wells up to March 1, 1948, with a 
maximum of six months between any two surveys. Reservoir 
pressures have been determined by area-weighting the entire 
reservoir. Cumulative production on that date was 694,281 
bbl. Many of the structurally low wells produced water which 
averaged 20 per cent of total fluid during the latter part of 
1947. Following development, oil production ranged from ap- 
proximately 1,000 to 1,250 B/D. 


As late as March, 1947, it was believed that the reservoir 
pressure would stabilize at a high level although no reservoir 
calculations had been made by that date. It appeared that the 
water influx was approaching reservoir withdrawals in mag- 
nitude since any large difference would result in a major pres- 
sure decline because of the extremely low compressibility of 
the undersaturated reservoir oil. It soon became apparent, 
however, that the aquifer was limited in extent and that the 
drive would not support the desired rate of oil production 
with increasing volumes of saltwater at reservoir pressures 
which would sustain natural flow. 


By March 1, 1948, the reservoir pressure had declined to 
2,281 psi, or 344 lb less than the original pressure. Five wells 
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had been placed on artificial lift and a majority of the remain- 
ing wells had declined in tubing pressure to the critical point 
required to maintain natural flow. 


It should be pointed out that this field is located in an area 
almost devoid of natural gas reserves which might be utilized 
for gas lift. Installation of convential pumping or hydraulic 
pumping equipment appeared inadvisable because of limited 
fluid capacity available for depletion of water drive reservoirs 
and also because of the high initial investment required. Lim- 
ited quantities of natural gas were obtained by laying eight 
miles of transmission line and installing compressor facilities 
to pick up casinghead gas. 


A second production problem became apparent during this 
period when surface evaporation was no longer adequate for 
disposing of the increasing volumes of salt-water. These two 
problems strongly indicated the desirability of a pressure 
maintenance program by returning produced water to the 
Lower Pawelek reservoir. 


Prediction of Pressure-Production Relationship 


To fully evaluate the effect of water injection on reservoir 
pressure, a series of reservoir calculations was made involving 
the volumetric balance equaticn’ and Hurst’s’ unsteady state 
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3 ke se flow equation for calculating water influx and predicting reser- 
z voir pressures at various rates of oil and water production and 
38 water injection. The equations, adapted to the Lower Pawelek 
= Pee alee | reservoir, are as follows: 

28 Z=[Anuw +z] -2 —- [n(u-s,)] 
w Total Water Oil and Water Water Expansion of 
as 4 eee Influx Withdrawals Injection Oil Remaining 
& where 
3 1 8 Z = Total water influx, bbl 
% An = Cumulative oil produced, stock tank bbl 
: a s n = Original oil in place, stock tank bbl 
| i. [ 3 u# = Bbl of oil under original reservoir conditions 
E Percent e which yield on bbl of stock tank oil 

: S a: uw = Bbl of oil, and gas released from solution, at pres- 
3 ee sure P resulting from », bbl of original reservoir 
Bae | aS oil 
g= $ z = Cumulative water production, bbl 
3 e Eee os z = Cumulative water injection, bbl 
° ‘(one 3 Z = Cumulative total water influx, bbl 
oe ic ltpectoe and Hurst’s formula for radial water influx, 

Z Cumulative on 161KHoR? 4=n-1 K 

Re esos a t= PP) ff (20) ae 
ee zkecR 

FIG. 10 — PRESSURE AND PRODUCTION DATA, LOWER PAWELEK SAND. i=0 
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where 
P = Reservoir pressure, lb psi 
K = Permeability, cu ft/day/sq ft/lb/sq ft/ft 
u« = Water viscosity, centipoises 
c = Apparent compressibility, cu ft/cu ft/lb/sq ft 
¢ = Porosity, fractional 


oe , diffusivity 
KOC 


R.= Effective radius of reservoir, ft 
H = Thickness of producing formation, ft 


¢ = Fraction of perimeter through which water can 
enter 


6 = Time, days 
Z = Cumulative water influx, bbl 
The above equation can be simplified by letting 


| =a) 
ree) A gana ees | 
and the final equation becomes 


Ko, — 
Z=16locHeR’ f (P,—P) dK 
Ko 


The procedure used in the calculations was to solve the 
volumetric balance-at each of the survey dates over the life 
of the field to determine the total water influx. These data 
were then substituted in the unsteady state equation and 
various values were assumed for «*/R’ until a more or less 
constant value was found for the term 161 ¢c Ho R’ involving 
the physical constants of the reservoir. An assumed value of 
«*/R® equal to .01 gave the best series of values for the physi- 
cal constant which varied a maximum of four per cent from 
the arithmetic average over six pressure surveys. 

With the above assigned values, the unsteady state equation 
and volumetric balance were solved simultaneously for the 
prediction of reservoir pressures at various rates of oil and 
water withdrawals and water injection. The results of these 
calculations are shown in Fig. 9. By this method it was calcu- 
lated that a reservoir pressure of approximately 2,400 psi 
could be maintained at a fluid production rate of 2,000 B/D 
with the injection of 1,500 B/D of water. In a similar manner 
it was calculated that the reservoir pressure would have de- 
clined to 2,077 psi by January 1, 1949, in the absence of pres- 
sure maintenance. 


Water Injection Facilities 


A closed, gravity type, saltwater gathering system having a 
total capacity of 7,800 B/D was installed to collect the water 
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at a central point for settling and pumping into the injection 
well. The system consists of 8,600 ft of 414-in. O.D. fibre and 
steel lines with steel pipe installed at road and creek crossings. 
Water from the gathering system is discharged into a 500-bbl 
settling tank where the water surface is covered with a 12-in. 
blanket of crude oil to prevent exposure to air and light. A 
reciprocating pump, rated at 4,800 B/D at 250 psi pressure 
and equipped with a torsion-tube liquid level speed control, 
picks up the water after it has been measured through a 
recording orifice meter. The water is then delivered through a 
high pressure steel line to the injection well. 


The water injection well (Martinez 5) was completed by 
washing down a previously abandoned dry hole located mid- 
way the long axis of the reservoir and between the water level 
and the major fault. Top of the Lower Pawelek sand in the 
well is 18 ft below the original water table. Location of the 
well is particularly advantageous since it is located in the 
area most remote from the natural water drive. The well was 
completed with 544-in. casing with 40 ft of slotted pipe below 
the cementing assembly which consisted of a solid bottom 
cement whirler float collar and metal petal basket. The total 
initial investment. for the gathering system and injection well 
was $21,351 and $17,789, respectively. 
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Results of Water Injection 


The first water was injected on March 3, 1948, at the rate 
of 500 B/D which was increased to 1,800 B/D in June (Fig. 
10). Injection well surface pressures ranged from 400 to 600 
lb. The area-weighted pressure measured immediately prior to 
water injection was 2,28] psi (Fig. 10). On July 1, 1948, after 
the injection of 100,000 bbl of water, the pressure had in- 
creased 64 lb to 2,345 psi. Approximately 213,000 bbl of reser- 
voir fluids had been withdrawn during the same period. As 
may be noted from the pressure-production curve, the net rate 
of withdrawals was maintained at approximately 500 reservoir 
B/D and the pressure increased to 2,400 psi as anticipated by 
the reservoir calculations. This relative rate of withdrawals 
and injection has been maintained as closely as possible up 
to the present time and the last measured pressure was 2,369 


lb on April 6, 1950. 


Inspection of the isobaric maps (Figs. 11, 12, and 13) gives 
a graphic picture of the change in the pressure pattern result- 
ing from the injection program. 


It may be noted from the pressure-production curve (Fig. 
10) that the increase in saltwater production has been mod- 
erate since the start of water injection. One well located 1,140 
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{t from the injection well showed an abrupt increase in water 
percentage and was recompleted higher in the same sand. No 
significant changes in water production in other wells have 
been recorded. The downward trend in flowing tubing pres- 
sures has been arrested and in some wells the tubing pressures 
have been increased as much as 100 psi. 


Because of the limited amount of water which can be used 
in the pressure maintenance program, additional saltwater 
disposal wells in other sands will be necessary to handle all 
of the produced water. Also, in the later stages of depletion 
of the Lower Pawelek reservoir, additional injection wells will 
be required to provide the necessary injection capacity and 
to distribute properly the injected water. 
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CORRELATION OF BOTTOM HOLE SAMPLE DATA 


GUY BORDEN, JR. AND MICHAEL J. RZASA, STANOLIND OIL AND GAS CO., TULSA, OKLA., MEMBERS AIME 


ABSTRACT 


Laboratory data on bubble point 
pressures and reservoir volume factors 
have been correlated as functions of 
solution gas-oil ratio, calculated gas 
gravity of the pentanes-and-lighter frac- 
tion of the entire fluid, differential res- 
idual oil gravity, and reservoir tem- 
peratures. 


INTRODUCTION 


Several correlations of crude oil prop- 
erties have appeared in the literature. 


D. L. Katz* in 1942 presented five 
methods of predicting oil shrinkage, 
these being of decreasing accuracy for 
decreasing amounts of information 
available. 


M. B. Standing’ in 1947 published 
three correlations of laboratory flash 
vaporization data of California crudes. 
From values of GOR (gas-oil ratio), 
gas gravity, liquid gravity, and tem- 
perature, his correlations will predict 
bubble point pressure, formation vol- 
umes of bubble point liquids, and two- 
phase formation volumes. 


Curtis and Brinkley’ in 1949 pre- 
“sented several correlations. From the 
gas-oil ratio, an approximation of res- 
ervoir volume factor and barrels of con- 
densate recoverable per barrel of reser- 
voir space may be obtained; along with 
liquid gravity and reservoir tempera- 
ture, the GOR will allow prediction of 
bubble point pressure. These last cor- 


1References given at end of paper. 


Manuscript received in the office of the 
Petroleum Branch May 29, 1950. Paper pre- 
sented at the Mid-Continent Joint Meeting in 
Tulsa, Okla., May 12-13, 1950. 
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relations seem to be more qualitative 
than quantitative. 


Generally, laboratory bottom hole 
sample tests furnish information on 
solution gas-oil ratios, residual oil -grav- 
ities, bubble point pressures, viscosities 
of oils, liquid shrinkages, and occa- 
sionally gas gravities. Each of these 
data has its own applications and use in 
reservoir engineering calculations. The 
particular uses of correlated bottom 
hole sample data are found in 


(1) Providing a basis for obtaining es- 
timates of formation crude proper- 
ties in fields where bottom hole 
sampling is impractical or impos- 


sible. 


Greatly reducing the time in ob- 
taining the desired information. 


(2 


ma 


(3) Determining the applicability of 
the results from various bottom 
hole samples to particular field 
problems. 

(4) Avoiding, in many cases, the un- 

certainties of sampling by replac- 

ing it with an element over which 
greater control can be exercised. 

Permitting use of preliminary field 

data in application of production 

procedures before a bottom hole 
sample can be obtained and ana- 
lyzed in the laboratory. 

(6) Serving as a check on data which 
may appear out of line. 

(7) Estimating for a particular type 
crude the appropriate equilibrium 
constants by working backward 
from the bubble point pressure. 


(8) Estimating original or other past 


— 
nn 
See 


history properties of reservoirs that | 


were not sampled in the past. 
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PROCEDURE 


Application of the published correla- 
tions’® to Stanolind laboratory data in- 
dicated that the general scheme pre- 
sented by Standing® could give desir- 
able results if changes were made in 
parameter positions and scales. The 
correlation curves were drawn with all 
the variables having consistent grada- 
tions except the temperature increments 
which were drawn in to best fit the data. 


The variables from available Stano- 
lind laboratory data are defined below: 


(1) Gas-oil Ratio: Gas is liberated at 
reservoir temperature by differen- 
tial vaporization (or rather by a 
series of flashes, approaching dif- 
ferential vaporization) and meas- 
ured at atmospheric pressure and 
temperature, at which the compres- 
sibility factor is assumed to be 
unity. The oil is the residual liquid 
remaining after the pressure has 
been reduced to atmospheric. For 
the gas-oil ratio both volumes are 
corrected to standard conditions of 


14.7 psia and 60°F. 


(2) Gas Gravity: It was decided to ar- 
bitrarily divide the hydrocarbons 
of the entire bottom hole sample 
into pentanes-and-lighter and hex- 
anes-and-heavier, and use a calcu- 
lated gas gravity of the pentanes- 
and-lighter for a correlating vari- 
able. (Sample calculation is shown 
in Table III.) 


(3) Liquid Gravity: This is the API 
gravity of the residual liquid from 
the differential vaporization. The 
gravity is measured at room tem- 
perature and corrected to 60°F. 
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(4) Temperature: This is the tempera- 
ture at which the differential vapor- 
ization and bubble point pressure 
determinations are carried out, and 
is usually the bottom hole (reser- 
voir) temperature. 


(5) Bubble Point Pressure: This is the 
pressure at which there is a break 
in slope of the pressure-volume 
curve; that is, the pressure at 
which gas starts to evolve as pres- 
sure is decreased. This bubble 
point pressure is at the test tem- 
perature. 


(6) Reservoir Volume Factor: This is 
the barrels of bubble point oil per 
barrel of residual oil at 60°F and 
atmospheric pressure. Separation 
of gas is by differential vaporiza- 
tion at reservoir temperature. 


USE OF CORRELATION 
CHARTS 


Prediction of Bubble Point 
Pressure and Reservoir 
Volume Factor 


Published data of three samples were 
used to test the correlations. Table II 
shows the properties of these crudes 
and the comparisons of predicted and 
experimental bubble point pressures 
and reservoir volume factors. 


Example uses of the correlation 
charts are shown in Figs. | and 2. 


The method of calculating gas gray- 
ity is shown in Table ITI. 


Use of Bubble Point Pressure 
Correlation Chart to Predict 
Saturation of Reservoir 


Crude “A”? was sampled at 3,600 
psia and 218°F. The tank oil gravity 
was 27.4°API. Calculated gravity of 
_ pentanes-and-lighter is 0.79. 


By entering Fig. 1 at 3,600 psia- for 
bubble point pressure and ending up 
with gas-oil ratio, while using the above 
quantities for the variables, a gas-oil 
ratio of 615 cu ft/bbl is predicted. 
This means that Crude “A” can hold 
in solution approximately 615 cu ft/bbl 
of .79 gravity pentanes-and-lighter gas 
at 3,600 psia and 218°F and be at its 
bubble point. Comparing 615 with 525 
cu ft/bbl shows that the oil is under- 
saturated at the sampling conditions. 
Extrapolating experimental data on 
Crude “A” shows that 575 cu ft/bbl 
could be in solution at the sampling 
conditions. Thus, the undersaturation 
of the oil is correctly predicted. 
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EXAMPLE 
CRUDE “A” 
G.OR=525 
G: 79 
AP] =27.4 
T «218 °F 
FROM CHART BPP=3260 


FIG. 1 — BUBBLE POINT PRESSURE CORRELATION. 
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FIG. 2 — RESERVOIR VOLUME FACTOR CORRELATION. 
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Table I— Range of Data on Bottom Hole Samples from Which 
Correlations Were Made 


Company Operating Divisions 


Division 1] Division 2 Division 3 Division 4 
Min. Max. Min. Max. Min. Max. Min. Max. 
Bubble Point Pressure 
psia 1187 4650 246 3625 514 355] 292 1239 
Reservoir Vol. Factor, 
bbl/bbl* 1.082 1.745 V.054 1.610 1.098 -1.678 1.037. 1.217 
Gas-Oil Ratio, 
cu ft/bbl* 156 1165 394 1383 151 1246 50 318 
Oil Gravity, °API* 23.8 49.6 29.1 42.6 22.7 49.9 24.8 31.5 
Calculated Gas Grav. ; 
(Air = 2) .06 1.2] .92 1.66 837 = -1.30 1097 =11°36 
Reservoir Temp., °F** 126 236 82 159 101 236 122 156 


*From laboratory differential vaporization. 


**Division 2 data dominated the temperature range up to 105°F; Division 


8, the range 105° to 125° 


F; Division 4, the range 125° to 145°F; and Division 1, the range from 145°F, up 


ee 
ne ee eee eS 


Table Il — Properties of the Crudes 


Analysis, Mol Fractions 


Component Crude “A’” Crude “B’”” Crude “W”” 
Methane 4404 0345 4573 
Ethane .0432 .0636 .1032 
Propane 0405 .0466 .0665 
Butanes 0284 .0379 .0417 
Pentanes .0174 0274 .0297 
Hexanes .0290 0341 
_———_ Heavier A011 .2559 .3016 
Crude Crude Crude “W”* 
Se A28 £693 728 Sin ae ee 
Flash Differen- Field 
Data tial Data Data 
Reservoir Temperature, °F _ 218 243 145 145 145 
Lab. Flash GOR, cu ft/bbl* 525 1078 959 921 
Differential Vaporization GOR 1065 
Residual Oil Gravity, °API 27.4 34.5 42.0 40.3 42.4 
Calculated Gas Gravity of C,. -790 .812 .886 .886 797 
Experimental Bubble Pt Pr, psia 3305 4470 2952 2952 2952 
Correlated Bubble Pt Pr, psia (Fig. 1) 3260: 4620 2640 2960 2730 
Experimental Res Vol Fac, bbl/bbl — 1.305 164 1477 1.550 1.477 
Correlated Res Vol Fac (Fig. 2) 1.306 1.700 1.490 1.541 1.450 
Differences: BPP psi 45 -150 -312 -8 222 
RVF bbl/bbl -.001 —.060 -.013 .009 .027 
Per Cent Difference: BPP 1.4 3.2 11.8 8 8.1 
RVF 1 Deu 9 6 1.9 


*Standard conditions for volumes are 14.7 psia, 60°F 


wv Table III — Calculation for Gas Gravity of Pentanes-and-Lighter 
_~- (Crude “A”?) 


Component Mol Fra 

io Methane A404 
Ethane 0432 

Propane 0405 

Butanes 0284 

Pentanes 0174 

et SUMS 5699 


Gas Gravity C,. 


Molecular weight C,. = 


~ Molecular weight of air = 29 


ction Molecular Weight MolFrxM W 
16.04 7.064 
30.07 1.299 
44.09 1.786 
58.12 1.651 
72.15 1200 
13.055 
13.055 an 
5699 
#2 22.91 an 
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DISCUSSION 


Accurate predictions of reservoir fluid 
properties are of great importance in 
reservoir engineering studies. It was for 
this purpose that this investigation was 
begun and correlations determined. 
Published correlations*® aided the 
course of action and suggested the 
forms of the correlations. 


Laboratory data for correlation pur- 
poses were obtained from bottom hole 
sample reports filed at the Stanolind 
Oil and Gas Co. Research Laboratory. 
These data are from samples from the 
company’s wells extending from the 
Gulf Coast to the Rocky Mountains. 
Standing used California oils and gases 
for his correlations’ which may account 
for the differences in the correlations. 


Table IV shows the precision of the 
correlations with the data from which 
they were made. 


The samples of Table II were chosen 
to show the use of the correlations be- 
cause their data have been published.” 
The correlations were made from dif- 
ferential vaporization data only. It is 
realized, however, that the usefulness 
of this type of correlation would be 
greatly increased if crude properties 
and conditions as determined from flash 
vaporization and field data might also 
be correlated by the same charts. Flash 
vaporization data of Crudes “A” and 
“B” are fairly well correlated by Figs. 
1 and 2. The flash and field data of 
Crude “W” are not as well fitted to the 
correlations as are the differential va- 
porization data. 


Normally, flash vaporization will 
show greater gas release than differen- 
tial if both are conducted at the same 
temperature. The reason for the lower 
gas-oil ratio in Crude “W,” Table II, is 
because the flash was conducted in two 
stages and the second stage temperature 
was 60°F, which allowed less gas evo- 
lution than the higher temperature. 
These differences in the types of vapor- 
ization and the temperatures will neces- 
sitate judgment in the use of flash data 
with the presented correlations. 


The use of these correlations with 
field data may be hazardous, inasmuch 
as laboratory data were used to develop 
the charts. However, a‘rough estimate of 
bubble point pressure and relative vol- 
ume factor using field data with these 
correlations may be of some usefulness. 


It was found that the geographical 
location of the Stanolind wells sampled 
made little difference in the prediction 
of bubble point pressures and. reservoir 
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volume factors. Recombination samples 
were not well predicted by the correla- 
tion for bubble point pressure. Four 
samples at- lower temperatures (95°F 
to 127°F) had bubble point pressures 
predicted from 12 per cent to 53 per 
cent low; two at higher temperatures 
(208°F and 230°F), 10.8 per cent and 
18.37 per cent high. 


“Differences in reservoir volume fac- 
tors for samples at bubble point pres- 
sures and at pressures higher than the 
bubble point are due to the liquid com- 
pressibility. Compressibilities range 
from 5x10° to 18x 10° bbl/bbl/psi 
for Stanolind samples with most falling 
in the 7x 10° to 11x 10° bbl/bbl/psi 
limits. Therefore, the reservoir volume 
factor will decrease by approximately 
0.001 for every hundred psi above the 
bubble point pressure. 


CONCLUSIONS 


Figs. 1 and 2 will permit estimation 
of bubble point pressures and reservoir 
volume factors from laboratory solution 
gas-oil ratios, calculated specific gravi- 
ties of the pentanes-and-lighter fraction 
of the entire fluid, residual oil gravities, 
and reservoir temperatures. It should 
be possible, in many instances, to deter- 
mine if a reservoir is saturated or un- 
dersaturated. 
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Table IV — Precision of Correlated Data 


Bubble Point Correlation, Fig. 1 


Total Points from Bottom Hole Sample Data... 188 

Total Points from Recombination Sample Data_.....___-__-_-_-__. 6 

Average Per Cent Prediction High 22 os i 8.16% 
Average Per Cent Prediction Low.2% 2.2) ee ......10.50% 
Average Per Cent Prediction, Total 2-1 3 seen 1.84% Low 
Per Cent of Data Points Within 10% of Predicted BPP... 65.5% 

Per Cent of Data Points Within 15% of Predicted BPP_............ 84.5% 
Maximum % Deviation (True Value 1437, Predicted 863). 66.5% 


Maximum psia Deviation (True Value 3760, Predicted 4600). 840 psia 


Division 

Division 1 
Division 2 
Division 3 
Division 4 


Total Samples 


Within 15% Predicted 
72 


No. of Samples with Predicted BPP More than 200 psi High __. 23 
No. of Samples with Predicted BPP More than 200 psi Low 30 


Reservoir Volume Factor Correlation, Fig. 2 


Total Points from Bottom Hole Sample Data_- My 
Total Points from Recombination Sample Data.» 6 
Average: Total Meviation sos ies 2a 0s et ee a ete ee ee 1.0% 
Per Cent of Points within 2.6% of Predicted Value. 95.5% 
Average Deviation:-tuigh,.(bbl/ bbl) 2s) ea eee 015 
Average’ Deviation—ow* (bbl/bbl)-. se eee 014 


Maximum % Deviation (True Value 1.445, Predicted 1.605) 10% 
Maximum Deviation bbl/bbl] (True Value 1.445, Predicted 1.605) .160 
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THE EFFECT OF PERMEABILITY STRATIFICATION 
IN COMPLETE WATER-DRIVE SYSTEMS 


MORRIS MUSKAT, GULF OIL CORP., PITTSBURGH, PA., MEMBER AIME 


ABSTRACT 


A theory is presented for calculating the performance his- 
tory of complete water-drive systems producing from idealized 
stratified formations. The general equations are applied to 
systems where the permeability stratification is either of the 
exponential or linear type. Calculations were carried through 
for different degrees of permeability stratification, but with 
“special emphasis on the effect of the mobility ratio between 
the produced oil and the invading water on the resultant 
performance. These results are also expressed graphically as 
curves for the initial water breakthrough recovery, for the 
different degrees of stratification, as a function of the mobil- 
ity ratio, and of the composition of the produced fluid stream 
as-a function of the cumulative oil recovery. For several typi- 
cal cases the laiter has also been plotted as a function of the 
cumulative oil and water throughflow. The general result is 
that when the mobility of the oil is lower than that of the 
invading water the channelling tendency resulting from the 
permeability stratification becomes aggravated ‘as the higher 
permeability zones become flooded out. Situations of this 
type would obtain when producing low gravity or highly 
viscous oils. Conversely, if the mobility of the oil is high com- 
pared to that of the invading water, the flooding of the high 
permeability zones will lead to a retarding and choking effect, 

and the gross bypassing phenomena will be partially sup- 
pressed. These conditions would correspond to those of flood- 
ing high gravity or low viscosity oils. A discussion is given 
of the various basic assumptions made in the analysis, includ- 
ing that of ignoring the stripping phase of the production 
history as implied by relative permeability concepts. 


INTRODUCTION 


The physical ultimate recoveries from oil reservoirs are 
basically determined and limited by the physical oil displace- 

_ ment processes associated with the reservoir producing mech- 
anism. In practice, however, the economic ultimate recoveries 
are further limited by the mobility of the reservoir fluids and 
the uniformity and continuity of the producing formation. In 
fact, it is the differential depletion between the component 
parts of the composite reservoir which ultimately determines 
the total recovery at the time of field abandonment. While this 
observation applies to both the solution gas drive and gravity 
_ drainage mechanisms, in which use is made-only of the energy 
contained within the original oil-bearing reservoir, it is of 


e Ear sencss given at end of paper. 
e Manuscript received in the office of the Petroleum Branch December 27, 
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even more paramount importance under operations wherein 
the energy associated with extraneous fluids provides the 
ultimate oil expulsion mechanism. Whether the invading fluid 
is the water from an edgewater drive, water injected for pres- 
sure maintenance, gas injected for pressure maintenance, or 
gas returned to the formation in a cycling program, it is often 
the continuity and uniformity of the producing section which 
will control the economic efficiency of the operations. 


The importance of the problem of reservoir non-uniformity 
does not, of course, lessen its complexity or the difficulties 
of its solution. In fact, these are inherently such that the con- 
cept of a “general” solution is virtually meaningless. About 
all that can be reasonably hoped for is the analysis of specific 
and well-defined types of non-uniformity which may give some 
degree of approximation to actual reservoir conditions. Since 
variations in the nature of the reservoir which depend only 
on the position along the streamlines will not lead directly 
to major differential depletion development within the reser- 
voir, the types of non-uniformity considered thus far have 
involved stratification assumptions. That is, the producing 
section has been replaced by a multi-layer “sandwich,” each 
uniform areally, and differing from the others only in its 
basic physical constants as to thickness, porosity and perme- 
ability. The fluid motion in the composite system is thus 
approximated by a parallel superposition of the independent 
fluid movements in the individual strata. 


For the specific application to cycling operations the theory 
of the effect of permeability stratification has been developed 
for both discontinuous’ and continuous types of permeability 
stratification. Among the latter, treatments have been given of 
systems in which permeability distributions are governed by 
exponential, linear’ or probability’ functions. In all these 
studies complete dynamical equivalence was assumed between 
the injected dry gas and the displaced wet gas. The overall 
effective: permeability of each stratum was therefore consid- 
ered as constant and independent of the degree of invasion 
of the injected fluid. 


In the case of the displacement of oil by water, the assump- 
tion of dynamical equivalence between the water and oil will 
be strictly valid only by accident. Even if the oil viscosity 
should be the same as that of the water, the effective perme- 
ability to the oil in the presence of the connate water will in 
general be quite different from that of the water behind the 
water-oil interface flowing past the trapped residual oil. As a 
result the effective permeability for the stratum as a whole 
and rate of water invasion will change with time as the 
intrusion continues. The differential fluid motion in the indi- 
vidual strata will thus also vary with time. Qualitatively, it 
is easy to predict the resultant effects. If the permeability 
to viscosity ratio of the invading fluid exceeds that of the fluid 
displaced, the stratification and bypassing effect of the perme- 
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ability variation itself will be accentuated. Conversely, if the 
permeability to viscosity ratio of the invading fluid is less 
than that of the fluid displaced, the rate of fluid advance in 
the more permeable strata will become increasingly retarded 
as the invasion continues, and the channelling tendency will 
be reduced. It is the quantitative aspects of these phenomena 
which require detailed analytical treatment and will be the 
subject of the following sections. 


GENERAL THEORY 


A little consideration will show that even for a single uni- 
form stratum the history of the fluid motion when the invading 
and displaced fluids are not dynamically identical will be 
extremely difficult to determine. In fact, thus far only the 
cases of simplest geometry, namely linear, radial and spherical, 
have been quantitatively treated.’ General well pattern effects 
are necessarily ignored in such simplified approximations, 
and the produced fluid is assumed to change suddenly and 
completely to the invading fluid when the latter first reaches 
the producing wells. The effect of incomplete pattern sweep 
efficiency has been taken into account in the study of cycling 
operations in formations with exponential permeability dis- 
tributions.‘ It can also be formally included in a general 
theory of the composition history of the production from strati- 
fied formations even when the invading and displaced fluids 
are not assumed to be dynamically equivalent. From a prac- 
tical standpoint, however, the resulting analysis is virtually 
intractable. 


The only theoretical treatment thus far reported on the 
recovery of oil by invading water in undepleted stratified 
formations without ignoring the differences in mobility be- 
tween the oil and water is that of Dykstra and Parsons.’ A 
discrete layer analysis was used in this study, and a prob- 
ability permeability distribution was simulated by proper 
choices of the individual permeabilities of a 50-layer subdi- 
vision of the composite section. In this paper will be given 
the general formulation of the problem for continuous per- 
meability distributions, and this will be applied specifically 


_to the expanential and linear distributions. 


If it is assumed that the permeability-saturation character- 
istics of all the strata in the composite section are the same 
and that the residual oil saturations behind the water-oil 
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FIG. 1 —THE VARIATION OF THE INITIAL BREAKTHROUGH RECOVERY 
IN EXPONENTIALLY STRATIFIED SYSTEMS WITH THE MOBILITY RATIO 


OF THE INVADING AND DISPLACED FLUIDS. Q(t) = FRACTION OF 
TOTAL DISPLACEABLE OIL RECOVERED AT THE TIME OF INITIAL 


BREAKTHROUGH, ty. m = (MOBILITY OF DISPLACED OJL)/(MOBILITY 
OF INVADING WATER); r = STRATIFICATION RATIO OF ASSUMED 
EXPONENTIAL PERMEABILITY DISTRIBUTION. 
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FIG. 2—THE VARIATION OF THE RATIO OF MAXIMUM TO MINIMUM 
WATER BREAKTHROUGH RECOVERIES IN EXPONENTIALLY STRATIFIED 
MEDIA WITH THE STRATIFICATION RATIO, r, FOR THE LIMITS OF INFI- 
NITE AND VANISHING MOBILITY RATIOS. 


interfaces are the same, as well as the oil saturations in the 
uninvaded areas,* the rate of water invasion or oil production, 
in reservoir volume, for any unit thickness lamina at depth z, 
of homogeneous permeability k, will be expressible as: 


Q(t,z) =k F(kt) 


where the function F(kt) expresses the effect of the displac- 
ing fluid invasion on the overall resultant permeability, and 
the factor k accounts for the absolute permeability of the 
lamina. The cumulative throughflow to the time t will then be: 


Olnz)=k Sf Ft} dt ie 


Initial water breakthrough will develop when the total 
throughflow equals the volume of clean recoverable oil in the 
lamina, i.e., when: 


O(t,2) = ASf=k F (kt). dt 52 2 See 


where A is the initial oil productive area, S the areal sweep 


efficiency, and f the net displacement porosity, i.e., the prod- 
uct of the porosity and the increase in local water saturation 
in the water invaded area or decrease in oil saturation. Since 


by Equation (3), ASf is evidently a function only of kt, it 
may be formally inverted so as to give: 


t(breakthrough) =~ Brerectes eene (2! 5) 


where WV is the inverse of the integral of Equation (3). Equa- 
tion (4) shows that the breakthrough times will in general 
be inversely proportional to k, as in the case of cycling oper- 
ations where the differences between the invading and dis- 
placed fluids are neglected. 

The cumulative recovery from the whole section of thickness 


*These assumptions of uniformity, together with that fo b 
are made both for reasons of simplicity and the lack of any ell ae 
lished a'ternative assumptions. Actually, however, the method of analysis 
given here could also be applied if these parameters were taken as 


variable with depth or k, although the f i 
considerably more complicated. fed dee sueivels Nevill, Bees 


**While the product kt is indicated in Equatien (1) as th i 
ment oF nee pi rand one i cman eie the role se by peeps i 
7 eability, it is e ratio i i i i 
tually the important dynamical wartable: ROS IB erely: a 
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H, at a time t before breakthrough, will then be, as a fraction 
of the recoverable oil in the reservoir, 


wa H t 2 
: Q(t) = FS kdz J F(kt)dt/A ae | REN 

and that at initial water breakthrough will be: 

ae H ktp Be Cees 
O(n) =f dz f Frjde/A Sf fdz . ». (6) 


where ft, is the breakthrough time in the highest permeability 
layer, as defined by Equation (4) for k= k(z =H). It is 
assumed in Equations (5) and (6), and in all the subsequent 
analyses, that the various permeability strata have been rear- 
ranged in increasing sequence from z = 0 to z = H. 


After the first water breakthrough in any individual stratum 
there will be a gradual rise in water-oil ratio as the initial 
water cusps expand and ultimately completely envelop the 
producing wells. The history of this latter phase of the oil 
production will evidently depend on the well pattern, field 
geometry, and relative producing rates of the wells. While 
its effect could be formally introduced into the general theory, 
there is little point in such a generalization, since the assumed 
functional form for this phase of the history would neces- 
sarily have to be quite specific and arbitrary and would not 
warrant the additional laborious computations required for 
its numerical evaluation. Accordingly, it will be assumed 
hereafter that the production in any layer is converted to 
100 per cent water as soon as there is any breakthrough at 
all.* This is equivalent to setting the pattern sweep efficiency, 
S =1 in Equation (3), etc. 

Proceeding to the period after breakthrough in the most 
permeable layer, i.e., for t >t, the fractional oil content in 
the total fluid production will then be: 


; ie ea \E(htjdz 
ee ee eRORE CTS 
S R(2)F(kt)dz 


*This simplification involves the further assumption that there is no 
“subordinate phase’ or stripping of the residual oil behind the advancing 
water-oil interface. This will be further discussed later. 
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FIG. 3 — THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
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- FROM EXPONENTIALLY STRATIFIED WATER-DRIVE RESERVOIRS WITH 


THE CUMULATIVE RECOVERY, FOR m = 0.1; Q@ = CUMULATIVE RE- 
COVERY, AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE 


RECOVERY. r = STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED 
~ OIL)/(MOBILITY OF INVADING WATER). 
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FIG. 4— THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
FROM EXPONENTIALLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE 


CUMULATIVE RECOVERY, FOR m = 1; Q = CUMULATIVE RECOVERY, 
AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE RECOVERY. 


r = STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED OIL)/(MO- 
BILITY OF INVADING WATER). 


where z, is determined by the condition: 


¥(Af) 


k(z.) = (8) 
and represents the depth to which breakthrough has already 
occurred. ; 

The cumulative oil production as a fraction of the total 
recoverable oil in the reservoir will then be: 


O(t)= ce ide + fede : pF ke)at]/A f fdz 
(9) 


If the permeability included in the net productive section 
has a non-vanishing lower limit, the production phase gov- 
erned by Equations (7) and (8) will terminate after break- 
through in the tightest layer, as determined by Equation (4). 
Under the assumption of 100 per cent pattern efficiency, i.e., 
S = 1, this will necessarily terminate the whole oil production 
history, although in practice a limiting value of R, will gen- 
erally control the state of abandonment. 


The Function F for Linear Flow 

As a practical matter drastic simplifications must be made 
in applying the general equations developed above. As a first 
step a functional form must be derived for the function F. 
For this purpose the case of an ideal linear system will be 


‘assumed here as was done by Dykstra and Parsons,’ since 


anything more complex which might be of practical signifi- 
cance would be virtually intractable from a strictly analytical 
standpoint. 

It may be shown that the rate of throughflow per unit cross 
section at any time ¢ in a linear system in which a liquid (w) 
is displacing another (0), may be expressed as: 


my fal /2 2mAp 
= 5 OT = Mg / hey 52 Ge 


= ead ra lami nf Ge 


. (10)* 


*Hquation (10) can be derived by applying the analysis given in “Flow 
of Homogeneous Fluids Through Porous Media,’ §8.3, for two-fluid 
linear encroachment systems. 
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FIG. 5 — THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
FROM EXPONENTIALLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE 


CUMULATIVE RECOVERY, FOR m = 10; Q@ = CUMULATIVE RECOVERY. 
AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE RECOVERY. 


‘r = STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED OIL)/MO- 
BILITY OF INVADING WATER). 


where my, m, are the “mobilities” for the displacing and dis- 
placed fluids, ZL the total length of the system, Ap is the 
driving pressure differential, which is assumed to be con- 


stant,* and f is the net displacement porosity. The mobility 
is defined as the ratio of the effective permeability to the vis- 
cosity. By reference to Equation (1) it follows that the func- 
tion F is given by: 


fol / 2. 
V1 —(l-Ti)am,t 


The cumulative throughflow per unit cross section to the 
time ¢t will be, on integrating Equation (10): 


ot) 


(11) 


eee 


manne 


Whe (12) 


™m )am.,t 
The time for breakthrough is obtained by setting Q(t,z) 


equal to IL, and is found to be: 
dlich ne 


f= 


(13) 


amy, 


To proceed further it is necessary to specify the nature of 
the permeability, k or m,., distribution.** Here, too, one must 
make, as a matter of practical necessity, a further simplifi- 
cation in considering that the mobility ratio m is a constant, 
independent of the absolute permeability. As to the perme- 
ability distributions themselves, the exponential and linear 
distributions will be analyzed in detail. 


*It is also tacitly assumed throughout this work that at all times the 
pressures are above the bubble point, corresponding to a complete water 
drive operation of an undersaturated reservoir. 


**Under the assumption that the relative permeabilities both ahead and 
behind the water-oil interfaces are independent of the homogeneous fluid 
permeabilities, the distributions of the latter, as given by Equation (14) 
or (21), will apply also to the effective permeabilities and mobilities which 
enter directly in the analysis. 
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EXPONENTIAL PERMEABILITY 
DISTRIBUTION 


As in the case of the previous* study of cycling operations 
(m = 1), the exponential permeability distribution will be 
taken in the form: 

ferethawre., 3 (0 =e aOeat: (14) 
where kin iS the minimum permeability, at z= 0, rkmin 1S 
the maximum permeability at z = H, H is the net thickness 
of the section and, as already indicated, the various strata 
are considered to be rearranged in a monotonic sequence 
increasing with depth. The parameter r defines the particular 
exponential distribution of interest, and will be termed the 
stratification ratio. It will also be assumed that there is no 
cross flow between the strata, which will not be strictly true 
unless the vertical permeability is zero, and that the net 


displacement porosity f is independent of k, which also will 
represent an approximation assumption. 

Under these assumptions the total throughflow from the 
whole section at a time t before any breakthrough has devel- 
oped, as a fraction of the total recoverable oil, will then be 
given essentially by integrating Equation (12), as: 


O I - Tay Ga a ose 
Q(t) Boga f [1-V/1-(1-TM)am,t ] dz 
7G = 1-74 V 1-(1-m')t/t, — \/ 1-(1-7# )t/rty | 


l VI-(1-WW)t/t)-1 0 1, VWI-(1-17)t/rt,-1 
— log = Mea 
6 Vielen )t/teFl 1b Nf Ia Era 


Marae wes (15) 
where f, is the time of initial breakthrough, as given by: 
(1 +m) 
ne a ne ee (16) 
ar Mwy min 


My min Corresponding to Kymin. 


FIG. 6 —THE VARIATION OF THE CUMULATIVE RECOVERY, Q, IN EX- 
PONENTIALLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE MO- 


BILITY RATIO m, TO FIXED VALUES OF THE WATER-OIL RATIO Rw, 


AND FOR FIXED VALUES OF THE STRATIFICATION RATIO r. Q= 
CUMULATIVE RECOVERY AS A FRACTION OF THE TOTAL RESERVOIR 


DISPLACEABLE RECOVERY. m = (MOBILITY OF DISPLACED OIL) /(MOBIL- ~ 
ITY OF INVADING WATER). zs 
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At this time Q will have the value: 


= 1 2 Soe ea ae 
Om) = | ) m-—\/1-(1-™m’)/r \ 


—m 


fan de ee TP Se) / 7 = 

i ed 

b mt+l 6 WI-(1-7')/r+1 
te (17) 


After the initial breakthrough the cumulative fractional 
recovery will be, on applying Equations (10) and (14) to 
Equation (9): 


A Zo iI Zo eee 
Q(t) = ee | [l1-\/1-(1-Ti)am,t ] dz 


Lye ™m i T 1 Soran ——___—. 
Gab ab. [ 24m-\/1-(l-m’*)t/r 


m1 5 ag ear Pa 
tog ™m ee Vl-(1l-wW)i/r-1 
Te 


V1l-(-mW)i/r+l 
ener, (18) 
where z, is the value of z above which there has been water 


_breakthrough at the time ¢, and f= t/t,. The water-oil ratio 
will be: 


oo EF 
ach 


Re =— = = 
H eke Eat 87 
_S E(z)E(kt)dz — 2m4\/ 1-(1-m)t/1-m $ 


. (19) 


It will be readily verified that for m = 1, as may be assumed 
for the case of cycling operations, Equations (17)-(19) re- 
duce to: 


ne Stes Pec y ee 
OC) = 5 (r-1); h= rApkmin(eft) 
a eee el: elon 
b Tr 
eed 20 
= (20) 


which agree with those derived for this case previously. 
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FIG. 7 —THE CUMULATIVE OIL RECOVERY HISTORY VS. THE TOTAL 
_ .FRACTIONAL CUMULATIVE WATER AND OIL THROUGHFLOW IN EX- 
~ PONENTIALLY STRATIFIED WATER-DRIVE RESERVOIRS FOR DIFFERENT 


VALUES OF THE MOBILITY RATIO, m = (MOBILITY OF DISPLACED 
~ OIL)/(MOBILITY OF INVADING WATER). IN ALL CASES THE STRATIFI- 
CATION RATIO = 20. ; 
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FIG. 8 —THE VARIATION OF THE INITIAL BREAKTHROUGH RECOVERY 


IN LINEARLY STRATIFIED SYSTEMS WITH THE MOBILITY RATIO OF THE. 


INVADING AND DISPLACED FLUIDS. Q(t,) = FRACTION OF TOTAL 
DISPLACEABLE OIL RECOVERED AT TIME OF INITIAL BREAKTHROUGH, 


fh. m = (MOBILITY OF DISPLACED OIL)/(MOBILITY OF INVADING 
WATER); r = STRATIFICATION RATIO OF ASSUMED LINEAR PERME- 
ABILITY DISTRIBUTION. 


On the other hand, in the limit of 7—>00, in which the in- 
vading fluid (water, m,,) has a negligible mobility as compared 
to that displaced (oil, m,), Equations (17)-(19) reduce to: 


SEY 2 1 by fL? 
Be re 
Q(ty) b ( Vr ); 2r Apk min( eff ) 

Oy Nae I l a : 
O(t>t.) Foe a UAV: 
Roe 

2(1-vft/r) 


(21) 


And inthe converse limit of 7m — 0, where the resistance to 
the invading fluid is negligible as compared to that displaced, 


the water-oil ratio will rise precipitously to infinite values’ 


immediately after initial breakthrough, and the total frac- 


tional recovery a) will be essentially that at t,, as given by 
Equation (17) for m= 0. 
The values of the fractional flooding recovery at the time of 


first water breakthrough, Q(t,), as given by Equation (17), 
are plotted vs. the mobility ratio mi in Fig. 1 for fixed values 
of stratification ratio r. As previously anticipated, for m< 1, 
i.e., when the mobility of the displacing fluid (water) exceeds 
that of the fluid displaced (oil) the bypassing tendency is 
accentuated and the breakthrough recovery is reduced. Con- 
versely, when the mobility of the displacing fluid is lower than 
that displaced, 77>J1, the continued entry of the former in the 
higher permeability strata will automatically retard itself and 
the breakthrough recovery will be increased. These effects 


“increase with increasing stratification ratios r. The ratio of 


maximum breakthrough recovery, for 7™ = co, to the minimum 
at 7m = 0, is plotted vs. r in Fig. 2. The total maximum range 
of the effect of the mobility contrast is 3.26, for r = oo. 


Because of the rapid buildup of the water production after 
initial breakthrough, especially for m<J1, it is difficult to 
devise a satisfactory graphical representation of this later 
phase of the production history in terms of the water-oil 
ratio R,,. It has been found preferable to use as an index the 
percentage of oil in the composite fluid stream, in reservoir 
measure. This quantity, denoted by R., will be given simply 
by 1/(1 + R,,), and is plotted vs. the cumulative fractional 
displaceable oil recovery, for fixed values of stratification ratio 
r and several values of mobility ratio ™ in Figs. 3-5. 
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The starting points of the curves of these figures represent 
the initial breakthrough recoveries. The general shifts of the 
curves, for mixed 7m, to the right as r decreases, are of course 
to be expected apriori. It is of interest to note, however, 
that whereas for 77<1, Fig. 3, the systems with lowest break- 
through recoveries, greatest values of r, have the steepest 
initial rates of fall in oil content of the flow stream, the con- 
verse is true for 7>J1, Fig. 5. Moreover, whereas for m<1, 
the curves tend to be initially concave upward, they ultimately 
develop steep slopes, for all mobility ratios m, as the oil con- 
tent of the flow stream becomes small and complete flooding 
develops throughout the reservoir. 


Figs. 3-5 show that the differences in ultimate oil recoveries 
for reservoirs with different stratification and fluid charac- 
teristics will be considerably lower if the operations are con- 
tinued to low oil contents than at initial water breakthrough. 
Thus, for m = 0.1 the recovery at one per cent oil content in 
the well stream will be only 30 per cent greater for r = 2 
than for r= 100, whereas the breakthrough recovery for 
r = 2 will be 3.7 times as great as for r = 100. For 7 = 10, 
the recovery at one per cent oil content for r = 2 will exceed 
that for r = 100 by only about two per cent, as compared to 
a ratio of 2.4 at initial breakthrough. Similarly for r fixed at 
20, the breakthrough recoveries for 7 = 10 and 0.1 are in the 
ratio of 2.2, whereas the recoveries at one per cent oil content 
are in the ratio of only 1.06. 


The variation of the recoveries to fixed water-oil ratio, Ry, 
with the value of 7, for several values of r, is plotted in Fig. 
6. Here again will be seen the effect of increasing mobility 
ratio 7 in improving the resultant recoveries. It will be noted, 
too, that the recoveries are more sensitive to 7 in the range 
™m<1 than for ™>J1. The gross comparative positions of the 
curves reflect the degree of reservoir stratification and the 
limiting water-oil ratios to which the production is continued. 


The oil recovery vs. total throughflow or production history 
can be calculated from the relation (valid for 1 <% <r): 


= - =- l1-+m - - 
Pd OO) ee ae | é-1-lox ¢ |. (22) 


where V(t) is the cumulative total liquid production, in res- 
ervoir volume, expressed in units.of the total displaceable 


reservoir liquid content. Q(t) is the cumulative fractional oil 
recovery given by Equation (18). A typical set of production 
history curves calculated by Equations (22) and (18) are 
those plotted in Fig. 7 for a stratification ratio tr = 20. The 
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FIG. 9 —THE VARIATION OF THE RATIO OF MAXIMUM TO MINIMUM 
WATER BREAKTHROUGH RECOVERIES IN LINEARLY STRATIFIED MEDIA 
WITH THE STRATIFICATION RATIO r, FOR THE LIMITS OF INFINITE 
AND VANISHING MOBILITY RATIOS. 
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FIG. 10 — THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
FROM LINEARLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE 
CUMULATIVE RECOVERY, FOR m = 0.1; Q = CUMULATIVE RECOVERY, 
AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE RECOVERY. 


= STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED OIL)/(MO- 
BILITY OF INVADING WATER). 


effect of the mobility ratio 7m is here strikingly shown by 
comparative values of the cumulative throughflow, V, for 
equal total recoveries, and especially at high values of the 
latter. Thus, at a total fractional recovery of 35 per cent the 
total fractional throughflow would be 0.35, 0.36, and 0.55 for 
m™m = 10, 1, 0.1; at a recovery of 50 per cent these would be 
0.51, 0.57 and 1.5 respectively; and for 80 per cent cumula- 
tive recovery the corresponding fractional throughflows or total 
reservoir fluid production would be 1.06, 1.68 and 8.0 for 
7™m = 10, 1 and 0.1 respectively. 


LINEAR PERMEABILITY DISTRIBUTION 


The linear permeability distribution may be defined by: 

Be) She [1+ (r—-1)z/H ] (23) 
where here, too, the stratification ratio r is the ratio of the 
maximum permeability rk,,;,, at z = H, to the minimum k,,,, 
at z= 0. The total throughflow at a time t before break- 
through has developed, as a fraction of the total recoverable 
oil, will be, analogous to Equation (15): 


O(t) oe: [1- V1-(1-m)am,t] dz 
v| 
Se | 14 ee] (a-—b)*/? — ar} | (24) | 
where: 
a=1=(lom ji/r; b= (bw) (Dry, 
a (1+ Ti)e, 
=t/ty; t eer ae (24a) 


The fractional recovery at first water breakthrough, i.e., 
v = 1, will then be: 


2r 


1 
b ie 1 So ee a ts 
O(t,) = i | 3rd) (Lae) 


W=(1=(1 wt) /r jr 
(25) 
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FIG. 11 — THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
FROM LINEARLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE 


CUMULATIVE RECOVERY, FOR m = 1; Q = CUMULATIVE RECOVERY, 
AS A FRACTION. OF THE TOTAL ‘RESERVOIR DISPLACEABLE RECOVERY. 


r = STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED OIL)/(MO- 
BILITY OF INVADING WATER). 


After the initial water breakthrough, t > J, the cumulative 
recovery will be: 


Zo 


ate Zo pga aS ete 
O(t) = 1 me Asani of [l1—-.V1-(1-M)am,t] dz 
an m (r/t—1) Ort int — al} 


l-m —or-1 3(1-7%) (1-m?* ) (r-1) 


(26) 
where z, is the value of z above which there has been water 


breakthrough. It will be noted that at f= 1, Equation (26) 
becomes equivalent to Equation (25). And at the time of 


’ breakthrough in the tightest layer, t =r, Q becomes unity, 


as it should under the assumed conditions. 
The water-oil ratio during this period is given by: 


Ree Oe 6 (fom )*(7-1) wht 7S 
Orisa) ea at) 


In the limit of 7 = 1, corresponding to cycling operations, 


_R,, reduces, as it should, to: 


f=1 
1-#/r 
_ It will be noted, too, that att?=1, R, = 0, and that it be- 


RES sa (28) 


comes indefinitely large as ¢ approaches r. 


The total reservoir fluid throughflow, in units of the total 


displaceable reservoir content volume, may be shown to be 


given by: 
Throughflow = Q(t): OE! 
vee ura iy 1 if ; 
= SS (bce ee <Oerran (62,9) 
Oi) -Fli- a+) |: P<t<r 


‘The variation of the initial breakthrough recoveries with 


the mobility ratio m, as given by Equation (25), for fixed 


values of r is plotted in Fig. 8. The general shapes of these 
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curves, reflecting the effect of the mobility ratio on the break- 
through recovery, is similar to that shown in Fig. 1 for the 
exponential permeability distribution. As a whole the curves 
of Fig. 8 lie higher than those of Fig. 1, showing that for 
the same stratification constant and mobility parameter the 
linear permeability distribution represents a type of reservoir 
non-uniformity which is not as serious as the exponential dis- 
tribution. This is further indicated by the closer grouping of 
the curves of Fig. 8 than the corresponding ones for Fig. 1, 
which again shows that the effects of the permeability varia- 
tion will be much more limited when distributed linearly than 
when it varies exponentially. In fact, whereas the break- 
through and subsequent recoveries become vanishingly small 
as r approaches infinity for the exponential distribution, the 
breakthrough recovery approaches the non-vanishing limit 
(2m+1)/3(1+7m) as r becomes infinitely large in the linear 
permeability distribution. 


The gross overall effect of the mobility ratio in the linearly 
stratified formations, as expressed by the ratio of the maxi- 
mum to minimum water breakthrough recoveries, is plotted vs. 
the stratification ratio r in Fig. 9. These represent the ratios 


Q(t,) for m= o to that for m™=0. The curve of Fig. 9 is 
of the same general shape as that of Fig. 2 for the exponen- 
tially stratified system, except that the maximum asymptotic 
limit has here the value 2.0, as compared to 3.26 in Fig. 2. 
This once more reflects the smaller total effect of permeability 
non-uniformity when distributed according to a linear strati- 
fication as compared to that when it follows an exponential 


* 
distribution. 


The resultant production histories after first water break- 
through in the linearly stratified systems are plotted in Figs. 
10-12. Here, as in the case of the exponential distributions, 
the ordinates represent the per cent reservoir oil in the com- 
posite well stream, and the abscissas are the cumulative frac- 
tional oil recoveries. The uppermost points of the various 
curves give the breakthrough recoveries. The general charac- 
teristics of this set of curves are similar to those for the expo- 
nential distributions plotted in Figs. 3 to 5. Once again the 
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FIG. 12 — THE VARIATION OF THE OIL CONTENT IN THE PRODUCTION 
FROM LINEARLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE 


CUMULATIVE RECOVERY, FOR m = 10; Q = CUMULATIVE RECOVERY, 
AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE RECOVERY. 


r = STRATIFICATION RATIO; m = (MOBILITY OF DISPLACED OIL)/(MO- 
BILITY OF INVADING WATER). 
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more limited effects of the differential mobility in the linearly 
stratified system are exhibited by the closer grouping of the 
curves for different stratification constants and their general 
shift toward the region of higher recoveries. It is for the 
former reason that in Figs. 10-12 the curves for r = 20 have 
been omitted, because of the small separation between the 
curves for r= 10 and r = 100. It will be noted, too, on com- 
parison of the corresponding figures for the linearly and ex- 
ponentially stratified systems, that while as a group the 


curves for the former are shifted toward the right, those for’ 


the same values of r for the two types of stratification ulti- 
mately cross, so as to result in somewhat lower cumulative oil 
recoveries at very low oil contents in the linearly stratified 
formations. The general effect of the mobility ratio 7m is 
again the same for the linear case as it is for the exponential 
case. That is, the curves shift toward increasing recoveries as 
m is increased, and they become grouped more closely for 
the different values of the stratification constant. This implies 
that the effect of the permeability variation will be less seri- 
ous the higher the value of the mobility ratio m. 


The variation of the recoveries to fixed water-oil ratios R, 
with the mobility ratio m, for the two values of 1, is plotted 
in Fig. 13. The similarities and differences between the curves 
of Fig. 13 and the corresponding ones in Fig. 6 for the expo- 
nential distribution are quite apparent, and of the same 
character as discussed with respect to the composition history 
curves of Figs. 10-12. 


A set of curves, similar to those of Fig. 7, illustrating the 
cumulative oil recovery vs. the total reservoir fluid production 
histories is given in Fig. 14 for r = 20 in the linear perme- 
ability distribution. The implications of these curves are simi- 
lar to those noted with respect to Fig. 7, and need no further 
specific discussion. 


For the sake of completeness the results analogous to those 
of Figs. 6 and 13 for the probability distribution have been 
replotted in Fig. 15 from graphs of Dykstra and Parsons. 
The parameter characterizing the probability distribution is 
here the “variation,” V, which is related to the standard 
deviation o of the probability distribution by: 


Ca 

Ves? : (30) 
V ranges between 0 and 1 as the corresponding formation 
changes from one of complete uniformity to infinite vari- 
ability. It will be seen that the general features of the curves 
in Fig. 15 are similar to those of Figs. 6 and 13, although 
the quantitative effect of the mobility ratio m seems to be 
somewhat less in the case of the probability distribution than 
in either of the other distributions. 


DISCUSSION 


While the general features of the implications of the theory 
of the performance of stratified water drive reservoirs have 
been discussed above, it must be understood that the basic 
theory involves three fundamental assumptions. 


These are: (1) idealized stratification, (2) 100 per cent 
areal or pattern sweep efficiency, and (3) the absence of 
stripping action behind the water-oil interface. It is virtually 
necessary to make each of these assumptions in order to devel- 
op a tractable formulation of the theory. However, it is well 
to understand what their physical implications are and the 
possible effect they may have on the final numerical results 
which are calculated by the simplified theoretical analysis. 


The assumption of idealized stratification will certainly 
never be satisfied in practice. Its significance lies only in the 
concept that it may provide a statistical equivalence to the 
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THE EFFECT OF PERMEABILITY STRATIFICATION IN COMPLETE WATER-DRIVE SYSTEMS 


0.3 To 
m 

FIG. 13—THE VARIATION OF THE CUMULATIVE RECOVERY, Q, IN 

LINEARLY STRATIFIED WATER-DRIVE RESERVOIRS WITH THE MOBILITY 

RATIO m, TO FIXED VALUES OF THE WATER-OIL RATIO Rw, AND FOR 


FIXED VALUES OF THE STRATIFICATION RATIO r. Q = CUMULATIVE 
RECOVERY AS A FRACTION OF THE TOTAL RESERVOIR DISPLACEABLE 


RECOVERY. m = (MOBILITY OF DISPLACED OIL)/(MOBILITY OF INVAD- 
ING WATER). 


actual non-uniformity in permeability which does obtain in 
the producing formation. Such equivalence may be valid, at 
least in an approximate degree, under conditions where the 
invading and displaced fluids have the same mobilities, as is 
generally assumed in the case of cycling operations and which 
is represented by the special case of m = 1 in the generalized 
analytical theory. The steady state pressure and flow distribu- 
tions under such conditions may then be represented by a 
steady state type of streamline distribution, which automatic- 
ally provides a type of stratification which is at least analogous 
to that assumed in the analytical treatment. The assumption 
of vanishing cross-flow, which is an integral part of the ideal- 
ized stratification concept, is then also automatically satis- 
fied in the actual steady state streamline system, although 
microscopically the resultant streamline stratification will in ° 
no sense be coincident with the strictly parallel stratification 
assumed in the theory. 


However, when the mobilities of the displaced and invading 
fluids are different, the instantaneous steady state representa- 
tions will continually change as the water invasion proceeds, 
and with such changes will be associated new streamline dis- 
tributions. The assumption of vanishing cross-flow will then 
no longer be valid unless by accident the cross-bedding per- 
meability happens to be strictly zero. It is clear, therefore, 
that the concept of idealized stratification can at best repre- 
sent only an extreme simplification. On the other hand, aside 
from the realistic necessity of making such an assumption in 
order to arrive at a tractable analysis, it does have the further 
justification that it probably represents the least favorable 
type of permeability non-uniformity, as compared to those 
which actually occur, from the point of view of the initial 
breakthrough recovery. That is, the simplified theory should 
at least give minimum values of the breakthrough recoveries. 
It also seems probable that the recovery history after break- 
through will also be inherently less favorable under idealized 
stratification and vanishing cross-flow than under actual con- 
ditions where there are both two and three dimensional 
variations of permeability. From this point of view the theory 
has value in providing at least lower limits for the recovery 
possibilities in non-uniform water-drive systems, thus giving | 
the least favorable expectations for the performance of such 


Vol. 189, 1950 


MORRIS MUSKAT 


reservoirs. Since it is not feasible to treat arbitrary types of 
reservoir non-uniformity, it is felt that means for fixing at 
least the poorest recovery potentialities of the actual reservoir 


systems does represent a constructive contribution to their 
analysis. 


The assumption of perfect areal or pattern sweep efficiency 
will also never be valid in practice. It may be recalled, how- 
ever, that in the earlier study of cycling operations in expo- 
nentially stratified reservoirs it was found that the effect of 
imperfect areal sweep efficiency was rather minor compared 
to the direct effect of the stratification, except in reservoirs of 
a very high degree of uniformity. It seems likely, therefore, 
that in actual producing formations the simplification made 
in assuming perfect areal pattern sweep efficiency will not 
in itself cast serious doubt on the significance of the results. 


The final major assumption made in the theory developed 
here lies in assuming that there is no oil stripping in the 
flooded part of the formation and behind the advancing water- 
oil interface. This may be expressed by the assumption that 
the permeability to the oil behind the water-oil interface* 
is 0. A theory was developed some time ago*® in which the 
advance of water in an oil bearing system was analyzed under 
the more general assumption that the permeability to the oil 
remained non-vanishing even after passage of the water front. 

__~ This led to a separation of the composite well producing his- 
tory into a primary phase corresponding to the displacement 
of the oil bank ahead of the water-oil interface and a sub- 
sequent subordinate phase giving the history of the continued 
stripping of the oil beind the water-oil front. This latter phase 
is determined primarily by the relative permeabilities and vis- 
cosities to the water and oil behind the water front. 


This theory is based on a simple and straightforward ap- 
plication of relative permeability concepts. For the linear** 
water-flooding system it leads to an equation for the saturation 
distribution at any time t which may be expressed as: 


(31) 


*As previously noted, it has been further assumed that. the amount of 
this residual oil is independent of the absolute permeability, since satis- 
factory data are not available on the relationship, if any, between these 
parameters. 


**It may be readily shown that in the similar case of perfect radial 
systems, Equation (31) will still apply provided x is replaced by nr. 
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FIG. 14—THE CUMULATIVE OIL RECOVERY HISTORY VS. 

FRACTIONAL CUMULATIVE WATER AND OIL THROUGHFLOW IN LIN- 
EARLY STRATIFIED WATER-DRIVE RESERVOIRS FOR DIFFERENT VALUES 
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where Q is the constant rate of throughflow, f the porosity, 
F,, the water fraction of the local flow-stream, and (p,) de- 
fines the initial saturation distribution. F,, is given explicitly 
by: 


Ne 


(ee 


(32) 
m, +m, 

where m,, m, are the mobilities of the water and oil respec- 
tively. While Equation (31) apparently involves no basic 
physical approximations except for the neglect of capillary 
pressure effects, it leads to the curious and physically mean- 
ingless result that the saturation distribution ahead of the 
initial interface will be multiple-valued.* As noted by Buck- 
ley and Leverett,”*** this difficulty may be circumvented when 
applying the theory by arbitrarily imposing a sharp single 
valued front at the advanced interface, on requiring that the 
total increase in water content of the flooded area equal the 
total volume of invading water. From a physical standpoint, 
however, it is far from satisfying to have to resort to such 
an artifice, and the fundamental significance of the whole 
procedure still remains obscure. Moreover, question may be 
raised if the relative permeability concepts, as derived from 
multiphase systems in which two or more phases are con- 
tinually supplied for flow across each internal cross section, 
are inherently applicable to displacement processes occurring 
at the advancing front of an identifiable wetting phase dis- 
placing liquid. Intuitively, at least, it is conceivable that under 
the latter conditions the non-wetting phase would be stripped 
locally to a discontinuous distribution of vanishing - perme- 
ability as soon as it has been invaded and passed by the 
wetting phase “front.” 


Finally, it may be noted that because of the approximate 
symmetry of F,, and F,’ for unconsolidated sands about the 
saturation for maximum slope, when the oil and water vis- 
cosities are equal, Equation (31) when appliedt+ to “oil flood- 
ing” of a water sand would give essentially the same type of 
invasion history as for water flooding. This, however, is hardly 
to be expected in view of the differential wettability between — 
oil and water, and even though the relative permeabilities 
themselves presumably reflect these wettability differences. 


In spite of these theoretical questions regarding the validity 
of Equation (31), it has apparently served to give a correla- 
tion of laboratory water-flooding data.* The effect of the 
water-oil viscosity ratio on the breakthrough recoveries appears 
to be subject to at least semi-quantitative description by 
Equation (31). Especially in the range of low invading fluid 
mobilities, as compared to that of the displaced fluid, the 
breakthrough recoveries are particularly low, and the corre- 
sponding subordinate phase recoveries become of comparable 
magnitude. While the permeability stratification theory would 
qualitatively give similar effects, it is admittedly doubtful if 
in these particular experiments permeability non-uniformity 
was the controlling factor. If these experimental results and 
the other implications of Equation (31) should be extended 
and confirmed for other systems, it will, of course, be neces- 


*This ambiguity does not arise when F., is a linear function of pw 
or increases monotonically with pw: In the former case, which implies 
linear k, and k, curves, the original water-oil boundary will advance 
without distortion, and in the latter initial distributions in which his 
decreases with x will continually become more stretched out. 


**Although the inclusion of the capillary pressure term may formally 
resolve this ambiguity, the quantitative features of the distributions 
would then also be modified. 


7For oil flooding, Equation (31) retains its general form with pw 
replaced by " and rik by Fe => 1 ais When Be and Ee are not sym- 
metrical for equal viscosities, it may be possible to make them symmetrical 
by choosing a suitable viscosity ratio. 
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sary to accept its basic validity even though it has not been 
fully clarified in all respects. 


While these considerations cast doubt on the predominating 
importance of the permeability non-uniformity in controlling 
actual water-drive recoveries, the stratification theory pre- 
sented here should give the implications of at least one major 
factor in the recovery processes. If the validity of Equation 
(31) and its underlying concepts should become definitely 
established, it will be appropriate to consider the composite 
effect of these two factors. In principle, it should be possible 
to develop a superposition treatment, analogous to the man- 
ner in which the incompleteness of the pattern efficiency was 
incorporated in the theory of cycling in exponentially strati- 
fied media.” While it would be hazardous to predict the 
resultant production histories without making quantitative 
calculations, it seems reasonable to anticipate that the com- 
posite effect would correspond to surprisingly low break- 
through and subsequent recoveries under conditions which 
could occur in practice. Thus for r = 20 in the exponentially 
stratified distribution, the breakthrough recovery would be 
only 23 per cent for 7 = 0.2 even for sharp water-oil inter- 
faces. And in a uniform stratum the breakthrough recovery for 
a water-oil viscosity ratio of 0.2 would probably be about 50 
per cent or less according to Equation (31). Although the 
superimposed resultant will not be the simple product of these 
two factors, the net theoretical effect will undoubtedly indi- 
cate discouragingly low breakthrough and overall recoveries. 
It is evident that this whole subject warrants a great deal of 
further experimental and theoretical study. 
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ATTAINMENT OF CONNATE WATER IN LONG CORES 


BY DYNAMIC DISPLACEMENT 


ROBERT L. SLOBOD, MEMBER AIME, THE ATLANTIC REFINING CO., DALLAS 


ABSTRACT 


In much of the work reported in the 
literature on long cores, true connate 
water values probably have not been 
obtained because of insufficient flow of 
oil to attain equilibrium. A satisfactory 
method for establishing connate water 
in long cores has been developed in 
which oil flow is maintained until no 
additional water is displaced. 


INTRODUCTION 


Long cores have been used by seyv- 
erals investigators in an effort to eval- 
uate the efficiency of oil recovery for 
various producing schemes. The effects 
of many variables such as rate of dis- 
placement, pressure drop, volume of 
displacing medium, gas-oil ratio, inter- 
facial tension, and others have been 
investigated, and the merits of gas drive 
have been compared with water drive. 


~In the older experiments no connate 


water was used, but in the more recent 
studies the philosophy of the experi- 
ment calls for a core containing oil and 
connate water (irreducible water) as 
the starting point of the experiment. 


~The method generally used to establish 


this condition in long cores involves 
dynamic’ displacement wherein one or 
more phases are forced through the 
core, flow being maintained at a con- 
stant rate or at a constant pressure 
until a steady state is reached where- 
in there is no change of saturation with 
time. It is one purpose of this paper to 
point out that in much of the work re- 
ported in the literature true connate 


1 References are given at end of paper. 
Manuscript received at office of Petroleum 


- Branch August 18, 1949. Presented at Branch 


Fall Meeting, San Antonio, Texas, October 5-7, 
1949. 
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water values probably have not been 
obtained. The reason for this failure is 
pointed out, and a method for obtain- 
ing more reliable connate water values 
on long cores is presented. It is impos- 
sible at this time to completely evalu- 
ate the effect on the conclusions in the 
earlier papers resulting from the fail- 
ure to obtain true connate water in the 
long cores, but some data are presented 
which indicate that serious errors may 
be present in many cases. 


MATERIALS AND 


APPARATUS 
Cores cut from outcrop sandstones 
(Strawn, Torpedo, and Elgin  sand- 


stones) with permeabilities of the or- 
der of 300 md were used. The major 
experiments were made with a core 
18-in. long and 2-in. in diameter. Cores 
of the same diameter but only 12-in. 
long were used in a few tests, and in 
some work a core 1-in. in diameter and 
1l-in. long was used. These materials 
were all somewhat bentonitic. To reduce 
the effect of such constituents, one of 
the cores (Torpedo No. 10) on which 
the most work was performed was acid 
extracted at the start of the experiment. 


Brine containing 50,000 ppm chloride 
and naphtha (Stoddard’s Solvent) were 
used as the water and oil phases, re- 
spectively. 


The core was mounted in a rubber 
sleeve which forms the inner lining of 
a brass cylinder. In this arrangement” 
the rubber sleeve is forced against the 
core by applying pressure to water in 
the annular space between the rubber 
sleeve and the brass cylinder wall. The 
core is therefore sealed in rubber so 
that all fluids introduced at the input 
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end of the core flow through the core. 
With this equipment the core may be 
easily removed for inspection and anal- 
ysis. Also, other cores may be intro- 
duced for study with no extra time fer 
preparation such as is required when 
plastic mounting is used. 


When pressure or conductivity meas- 
urements are desired at intermediate 
points along the length of the core, the 
brass cylinder comprising the outer 
jacket of the core holder is cut into 
sections of the desired length. Each 
section is then made up as an individ- 
ual unit with its own rubber sleeve (see 
Fig. 1). The individual units are then 
butted up against a ring of plastic or 
other insulating material which carries 
an electrical contact for resistivity 
measurements and an opening which 
can be used for the measurements of 
fluid pressures. The individual units are 
forced tightly against the plastic ring 
separators and held in place with sev- 
eral tie rods. Inlet and outlet end butts 
of the same diameter as the core and 
several inches in length are provided 
to control the introduction and with- 
drawal of fluids and to complete the 
arrangement for sealing the core within 
the rubber sleeve. Fluid flow is main- 
tained either by applying pressure to 
the liquid confined in a reservoir or by 
the use of a gear pump. The latter is 
preferable where continuous flow at a 
moderate rate over a long time interval 
is desired since a small volume of liq- 
uid can be readily recirculated using 
filters to prevent plugging of the core. 

EXPERIMENTAL 


The oven-dried core is weighed and 
is then completely saturated with brine 
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by evacuating the dry core in an appro- 
priate chamber at a total pressure of 
less than 1 mm of Hg for several hours. 
Previously evacuated brine is then 
added to cover the core and time al- 
lowed for the brine to saturate the core. 
The saturated core is weighed and then 
placed in the core holder where it is 
driven down to connate water by flow- 
ing naphtha through the core until no 
more water is produced. Small amounts 
of water discharged from the core are 
measured accurately by means of in- 
serting the outlet tube from the core 
into a small graduated cylinder, allow- 
ing the water to settle to the bottom of 
the graduate and the oil to overflow 
and return to the reservoir. This pro- 
cedure insures accurate measurements 
of the cumulative water production over 
a long period of time. The total volume 
of oil forced through the core is calcu- 
lated from periodic measurements of 
the flow rate. The displacing oil phase 
is completely saturated with water to 
avoid dissolving water from the core in 
the flowing oil. Saturation changes are 
followed both by resistivity measure- 
“ments and material balance. The dis- 
placing oil phase is carefully filtered 
to avoid plugging of the core. The 
change in the residual water content of 
the core with time is followed by plot- 
ting the water content of the core 
against the log of time. Compressing 
of the time scale in the plot is nec- 
essary to show the continuous but slow 
displacement of water by oil. The use 
of a linear time scale leads to the er- 
roneous conclusion that equilibrium is 
essentially obtained after relatively few 
pore volumes have passed through the 
core. 


RESULTS 


Whenever oil is used to displace 
water from a core, almost all of the 
displaceable water appears to be recov- 
ered ahead of the oil interface. After 
the oil phase breaks through, a high 
oil-water ratio is observed which reaches 
such a large value after several pore 
volumes that it is common practice to 
assume that only an_ insignificant 
amount of displaceable water remains. 
Consequently, the water saturation of 
the core, after perhaps as few as 3 pore 
volumes of oil have passed through the 
core, is assumed to be a reliable meas- 
ure of the connate (irreducible) water. 
That this procedure is erroneous and 
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can result in serious error is shown by 


the data in Table I and Fig. 2. 


From these data on the water satura- 
tion of an acid extracted Torpedo sand- 
stone outcrop core (Table I) it is ob- 
vious that not 3 pore volumes but more 
nearly 3000 pore volumes are necessary 
to reduce the water saturation to a point 
where water no longer flows. The water 
content of the core at this point repre- 
sents the true connate water value (ir- 
reducible water value). In this particu- 
lar study water was observed to be dis- 
placed from the core for 37 days, dur- 
ing which time 2452 pore volumes of 
oil were forced through the 18-in. core 
under a pressure head of 20 psi (equiv- 
alent to 13.3 psi/ft). For the subse- 
quent 5 days 448 additional, pore vol- 
umes of oil were driven through the 
core with no additional displacement of 
water. Consequently, the experiment 
was concluded after 42 days with a 
connate water of 15.0 per cent obtained 
and with oil-water ratios exceeding 20,- 
000,000 observed in the latter stages of 
the oil drive. 


Additional confirmation of the cor- 
rectness of the connate water value in 
the vicinity of 15 per cent was provided 
by a capillary pressure connate water 
determination on a portion of the same 
core material which yielded a value of 
18 per cent for the “irreducible water.” 


Similar results have been observed on 
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other cores, the pertinent data being 
shown in Table II. All of the cores used 
were cut parallel to the bedding plane 
of the outcrop sandstone indicated. The 
residual water content remaining in the 
various cores after a stated number of 
pore volumes of oil had been forced 
through the core, originally saturated 
100 per cent with brine, are also given 
in this table. From these data it is ob- 
vious that in all cases relatively high 
interstitial water values were observed 
after the use of only several volumes of 
displacing oil, Increasing the number 
of pore volumes through the core re- 
sulted in lower water values. In Table 
II the data on core No. 6, a Torpedo 
outcrop core which was not acid ex- 
tracted, show that the water saturation 
was reduced to 34 per cent with 6 pore 
volumes of oil, 23.5 per cent with 395 
pore volumes of oil, and finally 22.2 per 
cent with 1,165 pore volumes. The ex- 
periment was terminated at this point 
after a flow of 39 days because of ap- 
paratus failure. It is assumed that more 
water would have been produced with 


continued oil flow until the residual 
water content was reduced to approxi- 


mately 17 per cent, in agreement with 
that observed 
measurements on a representative core 
specimen. The above data confirm the 
previously discussed results obtained on 
Torpedo core No. 10 (Table I). A por- 
tion of these earlier data on core No. 10 
is also included in Table II. 
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FIG. 1 — SCHEMATIC DIAGRAM OF APPARATUS FOR OBTAINING CONNATE WATER 
IN LONG CORES. 
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DISCUSSION 


In long core experiments it is con- 
mon practice to assume that connate 
water has been established using oil as 
the displacing medium after several 
pore volumes of oil have passed through 
the core.’ This criterion has been ac- 


cepted because most of the water ap-_ 


pears to be displaced ahead of the 
water-oil interface, and very little addi- 
tional water is observed in the effluent 
as the flow of displacing oil is contin- 
ued. This conclusion is erroneous since 
a considerable amount of water in ex- 
cess of connate water may remain in 
the core, but because relative perme- 
ability to water is extremely low, an 
almost inappreciable flow of water is 
observed. From the results presented in 
the preceding section it is obvious that 
this very small flow rate can bring 


about a significant change in the water 


saturation if the flow of the displacing 
oil phase is continued for a sufficient 
time. Thus, in the experiment cited the 
connate water value was reduced from 
32 percent to 15 per cent over a period 
of approximately 40 days as a result of 
flowing about 2300 additional pore vol- 
umes of oil which displaced an addi- 
tional 37 cc of water from the core. 


These results are obviously of impor- 
tance in evaluating the use of the dy- 
namic method of establishing connate 
water. Previously the method was not 
considered reliable by some investiga- 
tors because of the high connate water 
value observed. End effects and other 
extraneous factors were offered as a 
partial explanation for the observed 


100; 


high values of water saturation. Now it 
appears that these results were in error 
because of failure to drive the core for 
a sufficient time to reach true equilib- 
rium. The long times (many pore vol- 
umes) required to bring a long core 
to equilibrium are obviously not prac- 
tical for routine determinations, but the 
possibility of using the dynamic method 
for producing connate water in small 
core plugs offers interesting practical 
possibilities since much shorter displac- 
ing times are required. It is important 
to note that the use of higher pressure 
gradients in the long core studies will 
undoubtedly shorten the time required 
for establishing irreducible water sat- 
uration. 


Many variables such as rate of water 
flooding, pressure gradient, interfacial 
tension between liquids used, nature of 
the porous system, temperature, viscos- 
ity, and others should be considered in 
evaluating oil recoveries by water flood- 
ing, but the results of the present study 
are interpreted as indicating that time 
may be the single most important vari- 
able in laboratory studies. Failure to 
operate for a time interval sufficient for 
the system to reach equilibrium will 
undoubtedly result in obtaining mean- 
ingless data. Attempts to interpret such 
data with reference to the part played 
by the variable in question may result 
in unfortunate interpretations. 


The relation between the pressure 
used in driving a water saturated core 
with oil and the connate water value 
obtained is important. In such flow ex- 
periments pressure differences between 
the phases are generated which desat- 
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urate the core in-much the same man- 
ner as in the capillary pressure method 
where the core is mounted in a semi- 
permeable disc. Some data have been 
obtained which indicate that if a very 
small pressure is applied to the flowing 
oil phase, only a portion of the dis: 
placeable water is removed as predicted 
by the data from capillary pressure 
studies. Consequently, in long core ex- 
periments a pressure gradient some- 
what in excess of the pressure required 
to desaturate the core to connate 
water in a capillary pressure apparatus 
should be used. To minimize end effects 
high pressure gradients should be used 
and an end butt of similar core mate- 
rial on the output end of the core may 
be introduced. High pressure gradients 
may also lead to a more rapid establish- 
ment of connate water. 


EFFECT OF ERRONEOUS 
CONNATE WATER VALUES 
ON RESIDUAL OIL 
DETERMINATIONS 


The effect of erroneously high con- 
nate water values in cores used to eval- 


uate the efficiency of various means of 
production on the per cent of oil re- 


covered is difficult to estimate at this 
time. It is likely, however, that all of 
the information in the literature on re- 
covery of oil by flooding which is based 
on cores with erroneous connate water 
values is unreliable. Furthermore, these 
data cannot be simply corrected at pres- 
ent, for there are no accepted generali- 
zations which relate the amount of re- 
coverable oil with the amount of in 
place oil or the effect of connate water 
on residual oil. In this connection it is 
interesting to note that the residual oil 
for the Torpedo sandstone discussed 
above was found to be 18 per cent of 
the pore space for the core containing 
15 per cent connate water and 85 per 
cent oil (see Table III) when driven 
by water until no more oil was recover- 
able (water/oil ratio greater than 100,- 
000:1), while the same core with an 
initial water saturation of 33 per cent 
(67 per cent oil) was observed to have 
a residual oil saturation of 30 per cent 
(when driven until the water-oil ratio 
reached a value of 600:1). The recov- 
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erable oil in the former case amounts to 
79 per cent of the in place oil, while 
only 55 per cent of the in place oil was 
recoverable in the latter case with the 
erroneously high connate water value. 
These differences are of obvious impor- 
tance and demonstrate the magnitude 
of the error possible in interpreting ex- 
perimental data obtained from long 
cores with improper connate water sat- 
urations. 


CONCLUSIONS 


The establishment of connate water 
(irreducible water) in long cores is dif- 
ficult. The passage of only a few pore 
volumes of displacing oil through the 
core does not reduce the water satura- 
tion to the irreducible value. On the 
contrary, apparently several thousand 
pore volumes are necessary. The effect 
of rate on the time required to obtain 
connate water may be important, but 


has not yet been established. Prelimi- 
nary data indicate that flooding experi- 


ments to determine recoverable oil using 
long cores with incorrect connate water 
values are not reliable. 


Table I 
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DISCUSSION 


By Martin Felsenthal, Production Lab- 


oratory, Continental Oil Co. 


It is most interesting to note the. 
great number of pore volumes of oil 
required in the attainment of true ir- 
reducible water saturation by dynamic 
displacement as described in Slobod’s 
note. The displacing fluid used in these 
tests was naphtha. It is believed that 


Effect of Volume of Displacing Oil on Residual Water 


in Long Cores 


less pore volumes of displacing fluid 
would have been required had a more 
viscous displacing fluid been chosen. 
This belief is based on observations 
which were made during a recent se- 
ries of tests on the effect of viscosities 
on water flooding. Preceding each water 
flood of this series, an attempt was 
made to reach a uniform initial water 
saturation in a long core by dynamic 
displacement of brine by orl. It was 
found that the water saturations at oil 
break-through decreased with increas- 
ing oil viscosities. Thus, at oil break- 
through, only 0.65 pore volumes of a 
30 centipoise oil (a 91-9 per cent mix- 
ture of mineral oil and naphtha) was 
able to effect a lower water saturation 
by dynamic displacement than did 54 
pore volumes of a 0.44 centipoise oil 
(naphtha). The flow rate at a given 
pressure~ drop immediately following 
oil break-through was not as unfavor- 
able for the more viscous oil as might 
have been supposed from a considera- 
tion of the viscosity ratio alone, since 
effective permeability to oil was con- 
siderably higher for the more viscous 
oil due to the higher oil saturation. In 
order to speed up the process of reach- 
ing irreducible water saturation by 
dynamic displacement, it may perhaps 
be feasible to remove the bulk of the 
displaceable water with about one pore 
volume of a high viscosity oil (e.g.; 


Table II 
Hs. a ze vehi 6 Water oo of Oil/ Water 
of Displacing Oi ore J of Pore Rati : *1: 
anos ye = « Displacement of Water by Oil in Long Cores 
0.0 100 ae 
0.6 40 0* 
1.0 37 28/1 
3.0 32 106/1 Type of No. of Pore 
10 28 — Sandstone Core No. | Volumes of Time of AP/ft. Water 
30 24 415/1 Used Flooding Oil Flood Saturation 
100 20 4,650/1 == = ar, 
300 18 8,300/1 Torpedo. ss. - 22 8 2.5 1050 min 44 % 
1000 16 200 ,000/1 Torpedo........... 8 7.5 1400 “ 10 39 
2300 15.03 1,030 ,000/1 
2452 15.00 >10,000,000/1 el gineirscia eee 7 1.6 500“ 44 
2900 15.00 >>20,000,000/1 Blgin sects cits oe v6 6.5 1360 “ 20 33 
Blgin..<... : 15 | 63 & 13.3 46 
= ine ee 4. 175 “ 2 
Core Deseription: Torpedo Sandstone—Oklahoma Outcrop Acid Extracted i is 
Core #10 Torpedo -ak5........ 6 0.67 75" 16.6 45 
Porosity 222.7 cc (24.2%) Torpedoes. ote 6 1.0 90 “ 20 45 
Oil Permeability = 295 md PORpedO = ..62 3s 6 6.0 300 “ 13.3 34 
Length = 18” Diameter = 2” Torpedo........... 6 395 215 br 3.3 23.5 
AP = 20 psi = 13.3 psi/ft shel ge ( sre ae 6 1000 540 “ 13.3 22 
: ; ‘orpedo (aci 
*First drop of oil produced at output end of core. . extracted) eee! 10 0. 6 23 Hin 13.3 40 
OFPCR Oe ees : < 13.3 37 
Table III Torpedo. 10 6.0 | 310 « 133 30 
Eff f 0 ry S ; 0 4 Torpedose! =< ee. 10 1000 390 hr 13.3 16 
ect o rigina aturation on V1 Recovery Savi tee 5 25 103 min 25 58 
7 Strawn............ 5 3.5 165 “ 32 56 
in : Content after Water Strawn............ 5 20 200 “ 25 51 
Original Saturation Flood 


Water/Oil |% of Gast Se ee Ne 
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*On tne basis of run A, only a negligible increase in recovered oil 
would be expected after reaching a 600/1 water/oil ratio. 


: Ratio at 
Run No. Water Oil Water Oil Termination Recovered 
ASS 15% 85% 82% 18% 100,000/1| 79% Tos er eee, 
Bueoxs 33% 67% 70% 30% 60/1 | sage eee gto est 
Ben he “ 249" 
Strawn # 5 Sy Seal ty 


CORE DESCRIPTION 


Dia. =2” ~ Pore Space=175 cc Porosity =28 4% 
“ce “ =23 9 


“ on “ mp oy “ 

“ a” « es Se =24.2 
=2 =203 cc “ =22.0 

So if = 163 cc “ -=26.4 

“ =1” “ =122 cc “ -=19.1 


Permeability of abové cores 200—600 md 
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mineral oil) and then complete the 
process with the aid of naphtha. 


Results cited in Slobod’s note for 
Runs No. A and B tend to refute 
the general accepted theory that resid- 
ual oil saturation attainable by water 
flooding is independent of initial oil 


saturation provided the initial oil satu-_ 


ration is above a certain limiting value. 
It would be interesting to obtain a 
few more data on the two water floods, 
especially the oil saturation at the time 
of water break-through. 


Author’s Reply to Martin Felsenthal 


The comments of Felsenthal on the 
use of high viscosity oils to displace 


water from porous systems are perti- 
nent. We have observed similar bene- 
ficial action. The displacing efficiency 
obviously increases with increase in 
the viscosity ratio expressed as 


viscosity of oil ; é 
————__————.. At the highest ratio 
viscosity of water 


in our experimental work to date (ap- 
proximately 100) , however, displaceable 
water was still present in the core after 
flooding with 10 pore volumes. In a 
typical experiment on a small core 
plug (1l-in. long) 20 per cent of the 
water remained in the core at oil 
breakthrough. Nine additional pore 
volumes of this high viscosity oil re- 
duced the water saturation to 15 per 


cent of the pore space. (Irreducible 
water in this plug is 10 per cent.) In 
the same core, using a low viscosity 
oil (viscosity oil/viscosity water=1.4), 
the water saturation at oil break- 
through was approximately 35 per cent 
of the pore space, and, after 10 pore 
volumes of displacing oil had flowed 
through the core, the water saturation 
was 23 per cent. Thus, 10 pore volumes 
of low viscosity oil (viscosity ratio 1.4) 
are not as effective as one pore volume 
of high viscosity oil (viscosity ratio 
100), but even with the high ratio oil 
(100) apparently a considerable num- 
ber of pore volumes will be required 
to establish “irreducible water.” * 
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STAINLESS STEEL CONTAINERS FOR LABORATORY 
DRILLING MUD TEST WORK 


W. B. LILIENTHAL, MAGNOLIA PETROLEUM CO., DALLAS, TEXAS 


LUG FOR TOP REMOVAL. 


PRESSED STAINLESS 
STEEL LID 


A considerable saving in time and money has been effected 
by use of a specially designed stainless steel container for 
laboratory drilling mud test work. This container involves 
use of a standard tall-form stainless steel beaker for service 
in which the mud sample is heated to an elevated tempera- 
ture and maintained there for protracted periods of time, 
while undergoing agitation to facilitate mixing of mud com- 
ponents. Agitation is accomplished by rotating the filled 
containers on motor-driven rollers within an oven. Several 
porcelain balls are generally placed in the containers to 
further improve agitation. 


BRASS SCREWED 
CONNECTIONS 
FOR CLOSURE 


‘Ou RING 


BEAKER 


Soft glass containers (Mason jars) were used in this serv- 
ice in early work, and were found to be unsuitable for the 
following reasons: 

1. Poor resistance to thermal shock. 

2. Containers could withstand only relatively low pressures. 

3. Accidental breakage in handling. 

4. Chemical deterioration and subsequent mud contamina- 
tion from reaction of high pH muds with the glass at 
elevated temperatures. 

Pyrex containers were also considered, but, inasmuch as they 
provided improvement only in items 1 and 4 listed above 


“O" RINGS 


BRASS ROLLING 
RING 


the additional cost was not believed to be justified. . ee 
A scale drawing of the container is shown in the figure eae 


illustrating details in cross-section. A pressed stainless steel] Fig. 1— Stainless steel mud container. 


lid was fabricated to match the rolled edge of the beaker 
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top, and male and female screwed connections external to the 
container were made up to complete the closure with the O- 
ring used as a gasket between the lid and beaker. The brass 
screwed connections were made from extra heavy brass pipe, 
and were knurled on their periphery for ease of handling. 
In order to insure sealing, it was necessary to make certain 
that the beaker top was perfectly round in cross-section. 
After this condition was checked and corrected on a lathe 
if required, the container was ready for assembly. With the 
closure.made up “hand-tight” the container was tested pneu- 
matically at 20 psig. This container was made up with a 500 
ml beaker to facilitate handling of customary 350 ml pilot 
samples, but almost any standard-sized beaker with a rolled 
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lip may be used equally well, since O-rings are available in 
a large variety of sizes. The lower ring on the container was 
added so that the unit would ride evenly on the motor-driven 
rollers in the oven. 

These containers have given highly satisfactory service 
over the past six months in that no samples have been lost 
due to faulty closures, and no unusual difficulties in reas- 
sembly or in failure of parts have been involved. Although 
the initial cost of these containers is relatively high by com- 
parison with costs for conventional soft glass and Pyrex con- 
tainers of similar size, it is believed that the savings in time 
and samples and the additional safety of the metal containers 
more than justify such costs. kk 


ANOMALIES IN THE MEASUREMENT OF WETTING LIQUID 


PRESSURE GRADIENTS 


WALTER ROSE, MEMBER AIME, AND BERNARD GREIFER, GULF RESEARCH AND DEVELOPMENT CO., 


PITTSBURGH, PENNSYLVANIA 


The purpose of this note is to call attention to a source of 
difficulty which can be responsible for inaccurate estimates 
of wetting liquid pressure gradients in mixture flow experi- 
ments of the Hassler’ type. It has been our experience occa- 
sionally to observe what were indicated to be negative pressure 
gradients, and these were regarded as anomalous in the sense 
that physically they seemed to contradict the requirement that 
the flux be in the direction of the potential field. 


At first it was thought that our scheme of assembling bar- 
riers and core sample led to such asymmetry in the distribu- 
tion of isobars that the manometric leads at each end of the 
core were responding to internal pressures (within the core 
sample) which could be either positive or negative with 
respect to each other, and which in fact might tend to reflect 
on different effective core lengths in-an unpredictable fashion 
as the wetting liquid saturation was changed. However, no 
compelling evidence of this possibility has been established. In 
addition, we were cognizant of the requirements to be satis- 
fied in selecting manometric instrumentation to minimize the 
delay in response of the manometer to the differential pres- 
sures being measured, and were thus assured that our observa- 
tions of anomalous pressure gradients could not be explained 

by faulty instrumentation. 


What we suggest is that if a leak sink occurs in the fluid 
lines connecting the core to either side of the differential 
manometer, errors exceeding 100 per cent may result in the 
estimation of wetting liquid pressure gradient, even though the 
leak is of such small magnitude that its existence would tend 
to be obscured by evaporation effects. This is because in a 
system with leaks at the specified places, the manometer rec- 


364 


PETROLEUM TRANSACTIONS, AIME 


ords at steady state the pressure drop across the manometer 
barrier elements in addition to the pressure drop across the 
core sample. 


This possibility will be illustrated below analytically and 
by numerical example for the special case where the leak 
occurs on the high presure side of the core, since we are 
especially desirous to explain the significance of our observa- 
tions of the so-called negative pressure gradients. It will be 
indicated, however, that leak sinks on the low pressure side 
of the core can account for observations of anomalously high 
values of pressure gradient, and that multiple leaks on both 
sides of the core can provide for some compensation so that 
the errors in pressure estimation are reduced. However, the 
major point to be emphasized is the fact that the impractical- 
ity of detecting the small leak sinks which give rise to the 
difficulties makes it a complicated task for the experimenter in 
a particular case to know with certainty that his estimation 
of pressure gradient lies within the limits of error which can 
be tolerated. 


Fig. 1 shows the electrical analog of the flow system we 
have employed in our studies. The inflow and outflow barriers, 
Ry, and R,,., the manometer barriers, R,,, and R,,., and the 
core sample, R,—for a particular fluid saturation and dis- 
tribution — are all designated as resistance elements; the 
flowmeter is designated by an ammeter, A; the pressure source 
is designated by E; and the manometric device is designated 
by the voltmeter, V. Included in the circuit are the variable 
resistances, R, and R,, which may be regarded as the leak 
sinks, and which, in general, can vary in magnitude from zero 
(i.e., a large hole or shunt in the system) to infinity (i.e., no 
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leak). Upon application of Ohm’s and Kirchoff’s laws to the 
circuit of Fig. 1, one obtains the following expressions of 
interest which hold when R,>0 and R, = c: 


E(R, + Rw) 
Oe em yt tT 
A 
where Q, is the rate of flow through the leak, and where 
the denominator, A, is defined by: 
A= (R.Rx+R Rai tR.RotRRistR Rut Rawk tRmR: 
*“+RyRie) 


The pressure drop across the core, P., is given by: 


as E R, (Rim ste R,) 


1: 2 
a (2) 
whereas the pressure, V, as read by the manometer is: 
E (RR, = Ryka) 
Ve= Mma A ease CO) 


A 
Thus, one can express the per cent error in pressure estima- 
tion as: 


P.-V Rea (R. mats) 
% error = 100 ( ae = 100 


R. (Rx + Ras) 
Wes sa be aD 


In the above equations when the pressures, E, V, and P., 
are expressed in atmospheres and the flow rates in cubic cen- 
timeters per second, the resistance parameters, R, will be 
in units of (atm.sec./cc.), and will be defined by Posseuille’s 
or Darcy’s law depending on whether the flow is directed 
through a hole as in the case of a leak, or through porous 
media as in the case of the barriers and core. 


Eq. (1) shows that the rate of flow through the leak, Q,, is 
zero when R, is infinite, but of finite magnitude (proportional 
to the various resistance elements of the system) when R, 
is finite or zero. On the other hand, Eq. (4), in expressing the 
difference between P. and V in terms of R, and the other 
resistance elements of the system, shows that when: 


Raa Rp. 


Ras 
R. 
V will be negative, although the true pressure drop across the 
core, P., is always positive. When R, is equal to or greater 
Rea Ry,» ri ple: . . . 
———,, V will be positive, although it may still be in 


C 


than 


error. It should be noted that positive, albeit false values of 
V, exceeding P, in magnitude, are obtained when the leak is at 
Y instead of X. 


A numerical examination of the equations given above em- 
phasizes the difficulty of obtaining reliable estimates of P. 
from a measurement of V when R, is finite and R, is infinite. 
For example, if R. is assumed to be 10 atm.sec./cc. (equiva- 
lent to a 100 md. core, L=5cm., A=5 cm’, »=1c.p.), and 
if Ras, Ris, Rm, Ri. are assumed to be 500 atm.sec./cc. (equi- 
valent to 1 md. barriers of usual dimensions), then the error 
in pressure measurement will be about 10 per cent when 


R, = 2.55 x 10° atm.sec./cc., and Q, is about 10~ cc./sec.* On 
the other hand, decreasing R, by a factor of 10 increases the 
error to 100 per cent (while increasing Q, to only 4x 107~ 
cc./sec.), and further decreases in R, result in the observation 

* In the numerical example, E is chosen as two atmospheres. Note that 


a flow rate of 10-® ce/sec. is approximately equivalent to 14 hours per 
drop (~ 0.05 cc). 


DIRECTION OF FLOW 


bt c 


(_-———————. <— «sm ——_»> 


be 


FIG. 1 — ELECTRICAL ANALOG OF FLOW SYSTEM. 
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of the so-called negative pressures at V. It is thus seen that 
leaks of such small magnitude that evaporation effects would 
tend to conceal their existence, nonetheless are sufficient in cer- 
tain cases to introduce pressure anomalies in the Hassler 
scheme of pressure gradient determination. 

We do not presume to offer a general solution for the prob- 
lem of leak control as discussed in this note, it being realized 
that precautions to avoid detectable leaks are followed as com- 
mon practice. However, the fact that leaks might escape detec- 
tion nonetheless cause difficulty, suggests the use of barriers 
having permeabilities as high as will be compatible with the 
desired barrier displacement pressure properties. In any 
event, it is our recommendation that a numerical check be 
made, according to the method outlined in this note, to investi- 
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gate the possibility of encountering the leak-caused pressure 
anomaly in each particular system which is being investigated. 

Such a check involves postulating the minimum value of Q, 
which sufficiently exceeds evaporation rates so that it can be 
detected, and using Eq. (1) to calculate the values of Rx 
which when substituted in Eq. (4) give the error in measure- 
ment. Alternately, if the leak occurs at the point Y or simul- 
taneously at the points X and Y, other more general equations 
for the per cent error can be derived in the manner indicated 
above, to test the probability of encountering errors in pres- 
sure estimation. 


REFERENCE 
1. G. L. Hassler. U. S. Patent 2,345,935, April 4, 1944. * * * 


LIME CONTENT OF DRILLING MUD—CALCULATION METHOD 


M. D. NELSON AND T. E. WATKINS, MAGNOLIA PETROLEUM CO., DALLAS, TEXAS 


A method of determining the lime content of drilling muds 
proposed by Battle and Chaney* has been examined both in 
the Field Research Laboratories of Magnolia Petroleum Co. 
and in field drilling operations. This proposed analytical 
method is condensed as follows: Titrate one ml of mud and 
one ml of mud filtrate, each with 0.02 N H.SO,, to the end 
point with phenolphthalein. The volume of acid in ml required 
for the mud titration is recorded as P,, and that .of the mud 
filtrate titration as P;. Calculation of the lb lime/bbl mud 
is accomplished by use of the formula, 


lb lime/bbl mud = 0.6 (Px, —1.3P;) — 0.6 


The analytical procedure outlined by Battle and Chaney 
was found to be quite satisfactory when reasonable precau- 
tions are used in mud sampling tecknique. Calculation of lime 
concentration by the method proposed in the above publica- 
tion, however, has given values that varied as much as 100 
per cent from the known lime content, for muds of either 
high or low solids concentration. 


By use of a formula, lb lime/bbl mud = 0.26 (P,,—F,P,). 
based on chemical equivalents+ of acid required for titration, 
both laboratory and field data have been satisfactorily corre- 
lated with the known amounts of lime present in the muds. In 
this formula a correction, F,, or volume fraction of liquid in 
the mud, is made for the solid content of the mud. P,, and P; 


* Paper on ‘Lime Base Muds,” presented by J. L. Battle (Humble Oil 
and Refining Co., Houston, Tex., and P. E. Chaney (Sun Oil Co., Beau- 
mont, Tex.), at the 1949 Spring Meeting of the Southwestern District 
API Division of Production, Dallas, Tex. The analytical procedure has 
also had wide distribution in a trade journal, Kembreak, published by 
the Accuracy Rig and Tool Co., Houston, Tex. 


Derivation of equation 
lb/bbl = grams/350 ml 
1 ml 0.02 N acid = 0.000741 grams of lime 
1 ml 0.02 N acid/ml lime suspension = 0.26 tb of lime bbl 


Ib of lime/bbl = 0.26 (P| -F,P, 
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have the same significance as in the Battle and Chaney equa- 
tion. Table I shows typical data employing both formulas in 
calculating the lime content of various lime muds. 


This suggested procedure ignores lime which is in solution 
in the mud. The solubility of lime in water, normally about 
0.5 lb per bbl, is greatly decreased by the addition of caustic 
soda, and, in a lime mud, it is probable that the concentration 
of dissolved lime is of the order of 0.1 lb per bbl. Such an 
amount of lime can be ignored, since it is within the range of 
accuracy of the method. 


Table I 
Calculation of the Lime Content of Various Muds 
Using Two Formulae 


= 
wo 
Wiinee 
al 3 
a ion 
‘~ a0 TAS Mud Composition 
: =o 2) 
hehe is Pe 
2 : 
dal Tes Ba Ba | BS i) 
S| S™| ars avs| Se) £8 /a8 | £e 
H *SO Rsk a) ies 
ele sy) , 
A 1 10.65 | 6.10 1.04 | +0.04 | 1.18 | +0.18 | Non Bentonite Lime 
A 20.75 | 5.15 3.65 | —0.35 | 4.04 | +0.04 ef a ty 
A 8 35.60 | 6.00 | 16.10 | +8.10 | 7.66 | —0.34 fs se KY 
B 6.25 | 20.75 | 4.61 8.25 | +2.0 | 4.26 | —1.99*! Bentonite-Lime 
B 10.25 | 34.36 | 4.73 | 13.32 | +3.07 | 7.75 —2.50* oe 
B 12.25 | 41.68 | 4.91 | 20.58 | +8.33 | 9.60 | —2.65% ne os 
© 4.25 | 17.53 | 6.67 4.71 | +0.46 | 2.91 ) —1.34*7 sh 
Cc 6.25 | 24.45 | 6.72 8.83 | +2.58 | 4.69 | —1.56* ss *¢ 


* Error is partially due to the lime assimilated by base exchange. 
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NOMOGRAPHIC SOLUTION 
OF 
POUNDS OF. LIME PER BARREL = 0.26 (Pm-F, Py) 


~ oo 


LBS. OF LIME PER BARREL 


o- Bw ew a 
4 
yn 
° 


: - 
Pm= MI, OF N/5O0 HzSO4 REQUIRED TO TITRATE | MI. OF MUD 
Py = MI OF N/S5O HzSO4 REQUIRED TO TITRATE |! MI. OF FILTRATE 


FL = LIQUID FRACTION OF MUD 


Fig. 1— Nomographic Solution of pounds of li bb 
= 0.26 (Pa - FLP:) s é ene ee 
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A nomograph for the graphical determination of lime con- 
tent by this method is shown in Fig. 1. In the construction of 
this nomograph, it was assumed that weighted muds contain 
8 volume per cent of light solids. This value was based on the 
average composition of a number of lime muds. Using a value 
of 4.30 for the specific gravity of barite, total liquid fractions 
(F,) were calculated for weighted muds up to 18 lb/gal 
(135 lb/ft’) 


Employing this nomograph, results on the analysis of five 
muds were determined independently by five separate oper- 
ators. In the 25 indicated operations, results showed a maxi- 
mum deviation of 0.1 lb of lime per bbl from the value calcu- 
lated by means of the equation. This degree of accuracy and 
reproducibility was attained by plotting the P, and P,, titra- 
tion values to the nearest 0.05 and 0.5 ml, respectively, and 
the mud weight to the nearest 0.5 lb/gal. 


A limited number of copies of this nomograph are available 
and may be secured from the authors. kk 


INFLUENCE OF DIFFERENT TYPES OF FORMATION WATERS 
ON DISINTEGRATION OF CEMENTS 


ROSCOE C. CLARK, JR., STANOLIND OIL AND GAS COMPANY, TULSA, OKLAHOMA 


ABSTRACT 


A study of the effect of various corrosive waters on five dif- 
ferent types of cements indicated that those cements contain- 
ing less than 5 per cent tricalcium aluminate were the most 
resistant to corrosion. 


INTRODUCTION 


Oil field experience indicates that some formation waters 
are excessively corrosive to some cements. A study has been 
made to determine the most corrosive waters and the relative 
resistance of various types of cement to these corrosive waters. 


PROCEDURE 


This study of the corrosion of cement was limited to an eval- 
uation of the effect of various corrosive waters on five different 
‘types of cements. A determination was made of the types of 
cements which offer the greatest resistance to corrosion and of 
the chemical contents of waters found to be the most destruc- 
tive to cements. 

The laboratory tests were conducted by immersing small 
cylinders of 20 samples of set cement in various corrosive 
- waters. The initial mixing of most of the cement slurries was 
done using Tulsa tap water as the mixing water; however, a 
few of the slurries were mixed using a sulfate water as the 
mixing water. When the 20 samples had been immersed for 

a period of nine months, they were removed from their cor- 
rosive baths, inspected and’ photographed. 

The field tests were conducted by placing ten cement speci- 

mens, each contained in a screen wire thimble, in the gas 

anchors of insert pumps in wells in six different fields. The 

| specimens were observed whenever it was necessary to pull 


the pumps and were returned to the laboratory when deterior- 
ation had reached a serious state. 


EXPERIMENTAL RESULTS 


In both the field and laboratory tests the resistance of the 
different cements to corrosion was determined by the condi- 
tion of the samples and the number of samples of each that 
were in good condition at the end of the immersion period. 
Table I lists the various‘cements tested in the order of their 
resistance to corrosion with the most resistant at the top and 
the least resistance at the bottom. 

An analysis of Table I reveals that the upper half of the 
table predominates in slow set and sulphate resisting cements 
(low 3CAO.A1.0, content) while in the lower half the port- 
land and high early strength cements are in the majority. Of 
the last two the high early strength cements appear to offer 
less resistance to sulfate water corrosion. 

An investigation of the composition of the cements listed in 
Table I indicated that as a general rule the cements containing 
less than five per cent tricalcium aluminate will exhibit the 
greatest resistance to corrosion. 

The destructive action of various corrosive waters was com- 
pared by listing the waters in the order of those containing 
the largest number of samples that failed completely. These 
ratings are presented in Table II with the most corrosive 
waters listed first and the least corrosive last. 

Figs. 1 and 2 show the end views of cement samples which 
had been immersed in the baths of five per cent MgSO, 
water and the five per cent Na.SO, water respectively in the 
laboratory. These “pictures are representative of the results 
obtained and present a pictorial evaluation of the corrosive 
resistance of yarious types of cements. 
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A-] 
B-1 
A-2 
A-3 
C-] 
C-2 
A-4 
C-3 
A-5 
A-6 
‘FIG. 1 — SLOW SET CEMENTS — 6, 12, 13; STANDARD PORTLAND CE- C-4 
MENTS — 1, 10, 20, 21; HIGH EARLY STRENGTH CEMENTS —3, 4, 9, C-5 
14, 19; SAMPLES OF CEMENTS IMMERSED IN’ THE FIVE PER CENT D-1 
MgSO, BATH FOR NINE MONTHS. C6 


C-7 
D-2 
D-3 
C-8 
D-4 
D-5 


FIG. 2 —SLOW SET CEMENTS — 6, 12, 13; STANDARD PORTLAND CE- I 
MENTS — 1, 10, 20, 21; HIGH EARLY STRENGTH CEMENTS — 3, 4, 9, 

14, 19; SAMPLES OF CEMENTS IMMERSED IN THE FIVE PER CENT 2 
NaSO, BATH FOR NINE MONTHS. 3 


FIG. 3 — RESULTS OF FIELD TESTS. SAMPLE A, TYPE Il CEMENT; SAMPLE 
B, SLOW SET CEMENT; SAMPLE C, MISCELLANEOUS CEMENT; SAMPLE 16 
D, HIGH EARLY STRENGTH CEMENT. 


Cement 


Rating 


Table I 
Resistance of Cements to Corrosion 


Number of Sound Samples 


Out of 17 Lab. Tests Per Cent 
Bach with a Diferant Out of 6 Tricalcium 
Corrosive Water Field Tests Aluminate 
4 4 4.1 
15 3 
15 3 2p 
14. 3 2.0 
13 SM eee oe S| 
13 24 
iP ete 
192 9.5 
11 3.5 
| eer at 
11 Bey: 
a iS 
6 2 10.95 
6 2 13.69 
6 Be 10.10 
5 aA, 
5 ‘ 12.20 
5 Shia san Se eens 
5 1 12.4 
0 Onan heh Dee 


Key: A —Slow Set Cements 
B — Sulphate Resisting Cements 
C — Standard Portland Cements 
D — High Early Strength Cements 


Table II 


Order of Corrosive Effects on Cement 


Two per cent MgSO, two per cent Na:SO, CaSO, 
(Sat. Soln) charged with H.S gas 

Five per cent.MgSO, 

Five per cent Na.SO, 

Tulsa city water (cement mixed with water contain- 
ing 0.1 per cent MgSO,) 

Saturated solution of CaSO, 

Tulsa city water (cement mixed with water contain- 
ing 0.5 per cent MgSO,) 

Tulsa city water (cement mixed with water contain- 
ing 0.05 per cent MgSO,) 

Formation water from Salt Creek, Wyoming Field, 
Sulphates 1,619 PPM 

Tulsa city water charged with H.S gas 

Two per cent MgSO, two per cent Na.SO, CaSO, 
(Sat. Soln) 

Formation water from Goldsmith, Texas, Field, Sul- 
phates 5,434 PPM 

Formation water from Hobbs, New Mexico, Field, 
Sulphates 1,590 PPM 

Formation water from Abell, Texas, Field, Sulphates 
3,896 PPM 

Formation water from E. Hackberry, Louisiana, 
Field, Sulphates 121° PPM 

Formation water from Polo Field, Sulphates 9,713 
PPM 

Formation water from Hastings, Texas, Field, Sul- 
phates 70 PPM 
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Figs. 3 and 4. are representative of the results obtained from 
the field tests. In evaluating the effects of these formation 
waters on cement samples it should be noted that the speci- 
mens were placed in the well in such a position that they were 
exposed to extremely large volumes of formation water. Ce- 
ments exposed to smaller quantities of water in relation to 
the cement volume under less violent agitation should with- 
stand corrosive waters much longer than the time indicated 
by these tests. It is believed, therefore, that cement placed in 


a well should probably not corrode rapidly until a channel is 
developed through which formation waters can pass. After a 
channel has been developed, however, the rate of cement 
corrosion may be expected to be on the order of that shown in 
Figs. 3 and 4. 


SUMMARY 
In summation, it is evident from both laboratory and field 
tests that cement corrosion is a real problem in areas where 
the formation waters to which cement will be exposed contain 
any appreciable quantities of sulfates or sulfides, but that the 
corrosion will probably not be prohibitive if low tricalcium 


FIG. 4—RESULTS OF FIELD TESTS. SAMPLE A, METALLIC CYLINDER 
STOCK REPRESENTING THE ORIGINAL SIZE OF THE TEST SAMPLES; 


aluminate content cements are used. 
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INTERPRETATION OF CAPILLARY PRESSURE DATA 


SAMPLE B, SLOW SET CEMENT; SAMPLE C, TYPE Il CEMENT. 
CUTLINES—WATER FLOOD ARTICLE 


W. R. PURCELL, SHELL OIL CO., HOUSTON, TEX., MEMBER AIME 


FIG. 1 — CONFIGURATION OF A FLUID-FLUID 
INTERFACE AT VARIOUS POSITIONS WITHIN 
A “DOUGHNUT-SHAPED” PORE. 
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In a previous technical note’ by Wal- 
ter Rose, evidence is offered in support 
of the contention that “the possibility 
of describing oil recovery features in 
terms of capillary pressure phenomena 
has not been established entirely.” It 
is not the purpose of this note to pre- 
sent further discussion of this possibil- 
ity but rather to point out that the argu- 
ment presented there does not appear to 
be generally valid. 


In the cited note’ reference is made 
to the experiments of Welge’ wherein 
it was shown that when water was dis- 
placed by oil from a core the pressure 
in the water phase was less than in the 
oil phase but that when this oil was 
then produced by water drive the pres- 
sure in the water phase was greater 
than in the oil phase. Rose has con- 
cluded from these observations that 
conditions of static equilibrium did not 
obtain since the fluid saturations were 
such that phase discontinuities seemed 
unlikely. The argument from which 
this conclusion was drawn is based on 
the contention that “the pressure is al- 
ways greatest in the non-wetting phase 
at each static interstitial interface of 
contact with the wetting phase.” This 
premise appears to have been reached 
froma consideration of capillary phen- 
omena in cylindrical tubes, although it 
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may also hold for other types of pore 
geometry, but as will be shown below 
it does not hold for all pore shapes and 
hence is not generally applicable. 


Since the pore structure of porous 
media such as reservoir rocks is in 
general so complex as to defy exact 
description, it is undoubtedly of great 
value to establish a model in terms of 
pore shapes of known geometry, pro- 
vided of course that the limitations of 
the model are recognized. That the lim- 
itations of the capillary, or cylindrical, 
tube model have not always been fully 
recognized will be evident from the 
following discussion of a pore of dif- 
ferent shape but one which may as 
logically be considered as the capillary 
tube. 


The pore space to be considered is 
that shown in Fig. 1, which may be 
thought of as the “hole in a dough- 
nut.”* Consider the interface, A-B-A’, 
between two immiscible fluids, P, and 
P., which interface meets the solid along 
a line, A-C-A’-C’. The interface A-b-A’ 
is the surface of a spherical segmentt 
while the line of mutual contact be- 

*For the treatment of a similar pore in a 
study of textiles, see References 3 and 4. 


+In this discussion, the effect of gravity on 
the shape of the interface is considered to be 
neg/igible. 
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tween the three phases (A-C-A’-C’) is 
a circle. The contact angle, 6, will be 
determined by the relative magnitudes 
of the interfacial tensions between the 
solid, P;, and fluid, P,, and fluid, P,, 
between the solid and fluid, P., and be- 
tween the two fluids. If the contact 
angle as measured through fliid P, is 
Jess than 90° (as in Fig. 1) then P, is 
said to be the wetting phase; if the 
contact angle with respect to P, is 
greater than 90° it is said to be the 
non-wetting phase. The sign of the dif- 
ference in pressures of the fluids, P, 
and P,, at equilibrium will not be de- 
termined solely, however, by the wet- 
ting characteristics of the solid, as 
would be the case in a cylindrical tube, 
but will depend also on the position of 
the interface within the pore. For ex- 
ample, when the interface is in the 
position A-B-4’, determined by the 
angle, «,, (see Fig. 1), it will be con- 
vex with respect to fluid P, and the 
pressure in this phase will be less than 
that in fluid P,. If the interface is in a 
position represented by «., however, it 
will be flat and no pressure difference 
will exist between the two fluid phases. 
Finally, if the position of the interface 
is defined by oc,, it will be concave 
with respect to P, and the pressure in 
this phase will be greater than in 
fluid P.. ; 

The above considerations have shown, 
then that there are equilibrium posi- 


8 IS MEASURED THROUGH FLU.), P, 


Lf 
POSITIVE VALUES OF a INDICATE 


tions within the theoretical pore of 
Fig. 1 for which the pressure in one 
fluid phase may be greater than, equal 
to, or less than the pressure in the 
other fluid phase although the wetting 
properties and contact angle are every- 
where the same. 

From geometrical considerations, it 
can be shown’ that for the pore under 
discussion, 


Ee Cos (@- a) ess 


20 1+ R/r (1-Cos a)’ 
where P. (the capillary pressure) is 
the pressure difference between the two 
fluids, P, and P., o is the interfacial 
tension, R the radius of cuivature of 
the solid, r the minimum radius af the 
pore and 6 and co are angles as defined 
above. Fig. 2 shows the dimensionless 


RS; 
quantity corre plotted as a function of 
eo 


« for various values of contact angle, 
9, as measured through fluid P, and 


{Compare this equation with that fora capil- 
Bgl 

lary tube, — 

26 


= Cos 9, where r’ is the inter- 


nal radius of the tube 
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for an arbitrary R/r spacing of 4. From 
this plot it is seen that for a given con- 
tact angle (0° and 180° excepted), the 
capillary pressure, P., exhibits both 
positive and negative values for posi 
tions of the interface within the pore, 
since r and o are always positive. Posi- 
tive values of P. indicate that the pres- 
sure in fluid P, is greater than that in 
P,; negative values indicate the con- 
verse situation. 

We consider now the capillary be- 
havior in a three dimensional array of 
pores similar to that shown in Fig. 1. 
The pore spaces are originally filled 
with water (P,) which is to be dis- 
placed with oil (P.) by the standard 
porous plate capillary pressure tech- 
nique. Let us say the solid is prefer- 
entially water wet and that the contact 
angle of oil and water against the solid 
is 30° as measured through the water 
phase. As oil is brought into contact 
with the water saturated specimen. 
the pressure in the two liquid phases 
being the same, there will a slight 
spontaneous displacement of the 
water until the oil-water interface 


HYPOTHETICAL CAPILLARY 
PRESSURE ,CURVE FOR A 
THREE DIMENSIONAL ARRAY 
OF PORES SIMILIAR TO THAT 
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WATER DISPLACED BY OIL 


CAPILLARY PRESSURE, Pc, ARBITRARY UNITS 


FIG. 2—PLOT SHOWING THE DEPENDENCE OF CAPILLARY PRESSURE 
ON THE POSITION OF A FLUID-FLUID INTERFACE WITHIN THE PORE 


OF FIG. 1. 
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WATER SATURATION, PERCENT OF PORE. SPACE 
FIG. 3 — HYPOTHETICAL CAPILLARY PRESSURE CURVE FOR A THREE 


DIMENSIONAL ARRAY OF PORES SIMILAR TO THAT OF FIG. Ub 


PETROLEUM TRANSACTIONS, AIME 


Vol..189, 1950 


 ¥ 


~ js, ig ance lhe te aa ee 


oS 


reaches a _ position described by 
«x = —60° (Point A, Fig. 2) in the 
pores exposed at the surface. If the 
number of surface pores is small, com- 
pared to the total number of pores, the 
volume of water displaced, in terms of 
total pore space, will be relatively 
small. This initial displacement is rep- 
resented by a portion, A-B, of a hypo- 
thetical capillary pressure curve shown 
in Fig. 3. Pressure in excess of that of 
the water phase is now applied grad- 
ually to the oil resulting in a further 
small displacement of water corre- 
sponding to movement of the interface 
in the surface pores from a = -60° to 
o« = +7° (Point B, Fig. 2) and rep- 
_resented by the line B-C of the capillary 
pressure curve. At point B a sufficiently 
high pressure differential, correspond- 


Pr 
ing to a value of 5 = 0.9, is reached 
o 


to cause most of the water, including 
that in the interior pores, to be dis- 
placed (C-D, Fig. 3), since this value 
represents the maximum stable capil- 
lary pressure that can be realized in 
any of the pores. Some water may be 
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trapped in corners of the pores because 
of bridging of the oil-water interface as 
it moves from one pore to the next in 
the displacement of water from the in- 
terior pores and this results in an irre- 
ducible minimum as shown in Fig. 3. 

If the pressure difference between the 


oil and water is now reduced to zero 
a slight amount of oil may be displaced 
by imbibition of water in the surface 
pores as from D to F in Fig. 3. The 
bulk of oil will be displaced, however, 
only if the pressure in the water is 
made greater than that in the oil. All 
of the oil, except that trapped by 
bridging, will be displaced when the 
pressure excess in the water phase cor- 


Pe 
Se = 0:1: (C 


to H, Fig. 3; point C, Fig. 2). 

If one adopts the capillary tube 
model, then it may be necessary to post- 
ulate that Welge’s experiments showed 
lack of equilibrium conditions, as sug- 
gested by Rose. It is possible, however, 
to assume that the experiments were 
carried out under equilibrium condi- 


responds to a value of 


tions and explain the results on the 
basis of the pore geometry illustrated 
by Fig. 1. it is believed that the pore 
herein considered may be more nearly 
descriptive than the capillary tube of 
the pores actually existing in reservoir 
rocks. 
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PRESSURE DISTRIBUTION. IN UNSATURATED OIL RESERVOIRS 


E. R. BROWNSCOMBE AND FRANCIS COLLINS, THE ATLANTIC REFINING CO., DALLAS, TEX., MEMBERS AIME 


The pressure distribution in a reservoir producing an incom- 
pressible fluid by radial flow in a horizontal structure is a 
simple logarithmic function’ used daily by reservoir engineers. 
The assumption of an incompressible liquid is equivalent to 
assuming that pressure is maintained constant at the well 
radius and at some external “radius of drainage,” or, in other 
words, that the entire flow into the well passes across the 
external radius. In most cases a well is surrounded by other 
wells draining adjoining areas so that the “radius of drainage” 
is not'a line of.constant pressure with flow equal to the flow 
into the well but rather a contour of zero pressure gradient 
across which no flow occurs, production being due to the 
expansion of the liquid within the area. 

The radial flow steady state pressure distribution for this 


case does not seem to be extensively used despite the fact 


that the mathematical analysis has been given in detail’ and 
the results are simple and generally applicable. The object of 
this discussion is to develop this result from a physical rather 
than a mathematical viewpoint, thereby aiding intuition in 
judging circumstances to which it may be applicable. 

If the production rate at a well in an unsaturated reservoir 
is maintained constant while no flow occurs across the outer 
radius a steady state will soon. be reached in which the flow 
rate or pressure gradient is constant with time at all points 
in the reservoir. To preserve such a condition it is necessary 
that the pressure decline at the same rate at all points in the 
reservoir, that is, the curves of pressure versus radial distance 
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at successive times are all’ parallel. Then each unit volume of 
oil is expanding at the same rate and contributing an equal 
share to the production. The rate of flow q across any circle 
r is thus proportional to the volume of the reservoir between 
r and the external radius r., or 


r 
C= a (1-4) ee Wee es (1) 
Te 


where gw is the production from the well and it is assumed 
that r, is very small compared with r,.. 

This equation can be combined with the differential form 
of Darcy’s law for radial flow, 


2rhkr dp 


— SP sath eke few a a ea Es 
q eee (2) 


where g is not a constant as in the incompressible flow case 
but is a function of r given by Equation (1). If Equation (1) 
is substituted in Equation (2) the variables p and r can be 
separated and the result integrated to obtain the pressure 


distribution 
aug wB r a 
In— —- - 
Qukk | he Dis 


Pp = Pw 


ese: (3) 
This equation differs from the incompressible case only in the 
addition of the term proportional to the square of the radius 
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which causes the logarithmic distribution to flatten out to zero 
pressure gradient as the external radius is approached. For 
comparison this distribution is plotted in the accompanying 
figure along with the distribution for an incompressible fluid. 

The concept leading to the flow rate distribution of Equa- 
tion (1) may be extended to include the case of a fixed flow 
across the external boundary which is an arbitrary fraction 
of the constant production rate from the well. This result is 
useful for example in connection with the estimation of oil 
migration in the interpretation of bottom-hole pressure build- 
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PRESSURE DISTRIBUTION IN STEADY STATE RADIAL LIQUID FLOW. 
LINE MARKED “PRESSURE CONSTANT AT r,’’ CORRESPONDS TO IN- 
COMPRESSIBLE LIQUID WITH FLOW ACROSS r, EQUAL TO WELL FLOW 
AT rw. CURVE MARKED “NO FLOW ACROSS r-” IMPLIES ZERO PRESSURE 
GRADIENT AT r, AND PRODUCTION BY EXPANSION OF LIQUID INSIDE 
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HIGH PRESSURE 


up curves,’ and as an initial condition for an unsteady-state 
two-phase flow calculation.’ 


NOMENCLATURE 


radial distance from center of well 
well radius 


T os 
a = external radius of area drained by well 
p = pressure at radius r, psia 
Pw = pressure at well radius, psia 
Pe: = pressure at external radius for case of constant 
pressure maintained at r., psia 
Peo = pressure at external radius for closed reservoir 
(no flow across r.), psia 
Pm = average pressure in closed reservoir 
3augwB augwP 
LSet Shah Oe ER 
ee eee 
2rkh Tie 4 
k = permeability, millidarcies 
h = net pay thickness, feet 
» = oil viscosity, centipoise 
8 = formation volume factor, reservoir bbl per stock 
tank bbl 
q = rate of flow across radius r, stock tank bbl per day 
dw = production rate at well, stock tank bbl per day 
a = constant required to make equations homogeneous 
in above dimensions = 887. 
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MERCURY PUMP 


J. R. SPENCER, TEXAS PETROLEUM RESEARCH COMMITTEE, UNIVERSITY OF TEXAS, AUSTIN, TEX., MEMBER AIME 


When supplies of high pressure mer- 
cury or other liquids are required in 
analytical work, it is convenient to 
have the source of supply at a relatively 
constant pressure and available in suf- 
ficient volume to satisfy the require- 
ments of the apparatus in use. It is 
also desirable that the pressuring device 
be as simple and as inexpensive as pos- 
sible and convenient to vperate. This 
pump combined with a small storage 
reservoir containing gas under pressure 
has the attributes of (1) positive con- 
trol of the maximum output pressure 
through the use of a regulator in the 
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low pressure air supply; (2) an in- 
creasing capacity as the rate of with- 
drawal of mercury from the pressured 
system is increased; and (3) simplicity, 
requiring only the use of a lathe, drill 
press, and welding unit in its con- 
struction. 


DESCRIPTION 


Essential parts of the pump are 
shown in Fig. 1. In appearance the 
unit is similar to the usual steam pump 
in common use in industrial applica- 
tions although considerably smaller in 
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size. The main differences lie in the 
area ratio of the air and mercury pis- 
tons and in the design of the air valve 
mechanism. Approximate diameters of 
these pistons are 4.25 in. to 0.375 in. 
respectively, giving an area ratio of 
about 130 to 1. The air piston (2) is 
attached to the end of shaft (4), with 
the mercury piston being merely a re- 
duced extension of the shaft. Mercury 
intake and discharge to the pump are 
controlled by high pressure check valves 
that screw into the ‘ports indicated at 
(6). Air supply is controlled by the 
valve assembly mounted on top of the 
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main cylinder (1). The valve is of the 
sliding piston type, the piston (8) being 
perforated longitudinally to allow free 
passage to both ends of the cylinder 
Ce)2 

A packing assembly was provided on 
the valve shaft to reduce air leakage to 
a minimum even though the resultant 
extra friction in the mechanism was not 
advantageous. Mounted on the valve 
shaft are two cam riders (13) and a 
stop, the latter stopping movement to 
the left when it strikes the post sup- 
porting the outer end of the shaft. Ex- 
cessive movement to the right is avoided 
by the fixed stop on the cam support 
which acts against the back side of the 
right cam rider. The cam (12) pivots 
on a fixed beam and is actuated by fin- 
gers on the valve trip (11) which is 
rigidly attached to the main shaft of 
the pump. Tension springs (14), at- 
tached to the upper lobe of the cam, 
provide positive action to the valve 
which minimizes stalling under normal 
operating conditions. 


OPERATION 


Air enters the pump through the in- 
let port (10) into the valve cylinder 
(7), passes through the connecting tub- 
ing and main cylinder head and acts 
on the piston (2). Pressure in the air 
cylinder (1) increases until the pres- 
sure in the mercury end is sufficient to 
open the discharge check valve, one of 
the ports indicated at (6). When this 
critical pressure is reached the piston 
moves forward and the mercury end of 
the shaft (4) displaces mercury through 
the check valve. The end of the stroke 
is high when the finger on the valve 
trip (11) hits the cam (12) and ro 


Technical Note 63 


PB, Vier fe 


QE FLEASKG 
SS 
SAN 


@ 


tates it past center. Just past center the 
tension spring (14) pulls the cam 
abruptly against the right hand cam 
rider (13) forcing the valve piston (8) 
to the right, simultaneously closing the 
intake port (10) and opening the ex- 
haust port (9). 

Pressure in the main cylinder de- 
creases until the total pressure against 
the piston (2) is less than the tension 
in the return spring (3); the piston 
then returns to the original position 
drawing mercury from the supply res- 
ervoir through the intake check valve. 
As the original position is approached 
the opposing finger on the trip (11) 
strikes the cam which is brought sharp- 
ly against the left-hand cam riger (13), 
forcing the valve piston to the left and 
returning it to the intake position. The 
snap nature of the valve action will 
cause the cycle to be repeated indefi- 
nitely as long as the mercury discharge 
pressure is less than the maximum dis- 
charge pressure dictated by the _pres- 
sure of the air supply. 


Although the pump as installed is 
used intermittantly by hand control of 
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FIG. 1 — HIGH PRESSURE MERCURY PUMP. 
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the air supply it could easily be made 
automatic by the installation of a vari- 
able pressure regulator in the air sup- 
ply line. The internal friction resulting 
from inaccurate machining and align- 
ment of the component parts sometimes 
causes the pump to stall during slow 
operation at maximum discharge pres- 
sures above 5,000 psi. At lower pres- 
sures then this, the pump works satis- 
factorily and has done so during ap- 
proximately six months of operation. 
Although the pump as designed is fully 
capable of producing pressures between 
5,000 and 10,000 psi, it is believed that 
operation in this range would be greatly 
facilitated by altering the valve and 
cylinder to provide air powered return 
rather than the spring return now used. 
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CARTER RESERVOIR ANALYZER TIMING CIRCUIT 


W._F. BALDWIN, MAGNOLIA PETROLEUM CO., DALLAS, TEX. 


The timing circuit generally em- 
“ployed in Carter Reservoir Behavior 
Analyzers consists of a synchronous 
motor driven cam which actuates a 
microswitch. A mechanically actuated 
timer of this type has several inherent 
disadvantages, among which are the 
following: 

1. The first time interval may not be 
of uniform length, depending on the 
exact position of the cam at the con- 
clusion of a previous run. 

2. The positioning adjustments on 
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the microswitch lever arms are critical 
and require periodic readjustment. 

3. The mechanical system is subject 
to wear which will ultimately impair 
its accuracy. 

It was therefore considered desirable 
to devise an alternate method which 
would eliminate these difficulties with- 
out introducing others that would be 
equally troublesome. This note de- 
scribes the design of an electronic tim- 
ing device which has been incorporated 
in the analyzer constructed by the Field 
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Research Laboratories of Magnolia 
Petroleum Co. 

The electronic timer circuit is built 
around a simple neon glow tube relaxa- 
tion oscillator, the complete circuit dia- 
gram of which is shown in Fig. 1. The 
operation of the circuit is as follows: 
Condenser C, is charged to the critical 
firing voltage of the neon glow tube 
VR-75 by battery B, through resistors 
R, and R.. When the neon glow tube 
fires, the condenser C, is discharged. 
The charging cycle then repeats itself, 
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the repetition rate being determined by 
the values chosen for resistors R, and 
R,, condenser C,, and battery B,. The 
transient developed at the instant the 
neon glow tube fires triggers the 2050 
thyratron which in turn pulses the re- 
lay feeding the rotary relay ratchet 
circuits. 

In practice, the following precautions 
should be observed: 

1. Battery B, should be at least 135 


volts, so that the firing voltage of the 
VR-75 occurs on the steep portion of 
the RC charging curve. This results in 
a more constant recurrent oscillation 
rate. 

2. Resistors R, and R. should be wire 
wound. Resistor R, is variable to per- 
mit changing the time constant of the 
charging circuit and thereby the oscil- 
lation recurrence rate. In the circuit 
constructed, this was adjusted to 2.500 
+ 0.003 seconds. 


3. Condenser C, should be a good 
can-enclosed oil-filled type. 


4. Stability of the oscillator can be 
improved by surrounding the neon glow 
tube VR-75 with a shield opaque to 
light. 


In operation, the pulse generated by 
the relaxation oscillator triggers the 
grid of the 2050 thyratron. The current 
generated in the plate circuit of the 
thyratron actuates Relay Ry 1. The 
RC network in the plate supply of the 
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FIG. 1 — CARTER ANALYZER ELECTRONIC TIMER. 


thyratron is required to reduce the plate 
voltage of the thyratron to a value 
which will permit the grid to regain 
control. Condenser C, holds enough 
charge to keep relay Ry 1 closed for 
approximately 0.4 seconds after which 
time the voltage on condenser C, falls 
low enough to cut off the thyratron and 
permit the grid to regain control, which 
allows condenser C, to recharge through 
R,. Relay Ry 1 has several sets of con- 
tacts, one set of which delivers the 2.5 
second timing pulse. The contacts 
shown in Fig. 1 are used to discharge 
the condenser C, in the relaxation oscil- 
lator. This permits the use of small 
values of R and C in the oscillator cir- 
cuit, thus improving stability. In actual 
installation of the circuit in the. ana- 
lyzer a locking circuit was provided 
through an additional relay. The lock- 
ing circuit delays the actuation of the 
rotary switches in the analyzer until 
one pulse is generated. in the timer cir- 
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SOME CONTROLLING FACTORS REGARDING VARIABLE WEIGHTING OF 


CEMENT SLURRIES 


cuit. This guarantees that the first pe- 
riod is always of proper length. Since 
the pulses recur every 2.5 seconds, the 
delay involved is negligible. 


The circuit. has been rigorously 
checked and found to have an inherent 
accuracy of one part in 1,000 under 
conditions of reasonably constant tem- 
perature- and humidity. The circuit has 
none of the disadvantages of the me- 
chanical system, but is influenced by 
ambient conditions involving high hu- 
midity. The circuit has been in opera- 
tion for eight months and has required 
only a minimum amount of attention, 
largely associated with the aging of 
battery B,. It is believed that the cir- 
cuit possesses reliability and durability 
greater than that of the mechanical 
timer. 
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ABSTRACT 


A series of laboratory tests was conducted to determine the 
limits of practicability in regulating the weights of various 
cement slurries. It was found that slurry weights of 12 to 19 
lb per gallon could be obtained by adding bentonite to de- 
crease the weight and barytes ore to increase the weight. It 
was also found that barytes ore was not usable in all cements. 


LIGHTWEIGHT CEMENT SLURRIES 
INTRODUCTION 


During the drilling and completion of oil wells the magni- 
tude of the hydraulic pressures exerted on certain formations 
is critical. In many cases considerable care must be exercised 
to prevent drilling mud weights from becoming too high, and 
in those wells where loss of circulation is a problem, the use 
of normal weight cement slurries will generally result in lost 
returns during casing cementing operations. While mud 
weights can easily be controlled, it is necessary to exercise 
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care in the selection of weight reducing additives for cement 
slurries in order that slurry weights may be reduced suffi- 
ciently to prevent the loss of a large portion of the cement 
to the thief formations without seriously affecting the setting 
properties of the cement. 


EXPERIMENTAL RESULTS 


An extensive search revealed that a large number of mate- 
rials that might have been otherwise practicable as a weight 
reducing additive were not acceptable for use with oil we 
cements because the imposition of pressure on the slurries 
caused the additive being tested to be compressed or to absorb 
water from the slurries, resulting in negligible decrease in 
the slurry weight. 


This search for lightweight additives disclosed that ben- 
tonite, a material very commonly used for reducing the weight 
of drilling muds and cements, produced the best results with- 
out undue harmful effects on the properties of oil well cements. 
It was found that there was a limit to the amount of benton- 
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FIG, 2— PER CENT BENTONITE BY WEIGHT OF CEMENT. 


ite that could be used, but that this limit was, in many cases, 
considerably higher than is generally believed practicable. 


In the evaluation of bentonite as a slurry weight reducing 
additive, the following characteristics were analyzed: Effect 
on slurry weight; effect on strength; effect on pumping time; 
effect on porosity and permeability. 


(1) Slurry Weight — The slurry weights of all brands of 
cements were proportionally decreased by the addition of 
bentonite. Fig. 1 illustrates the weight reductions that can be 
accomplished in five different cements by adding increasing 
amounts of bentonite. These slurry weights could not be 
altered by the imposition of 10,000 psi pressure on the slurry. 


(2) Strength —In the determination of the maximum al- 
_lowable per cent bentonite that can be added to cement, a 

tensile strength development of 100 psi in 24 hours was 
selected as the minimum strength acceptable. 

Strength tests at curing temperatures from 80°F to 200°F 
were conducted on all of the cement-bentonite mixtures shown 
in Fig. 1. Fig. 2 is a plot of the data obtained on one cement 
and is typical of the curves plotted for each cement evalu- 


- ated. These curves serve as an indication of the maximum 


amount of bentonite that can be safely used at various curing 
temperatures. The maximum usable per cent bentonite for each 
curing temperature can be determined in Fig. 2 by reading 
the abscissa at the intersection of each temperature curve 
and the 100 psi ordinate. By the use of this type of plot and 
by substituting well depth for temperature, it was possible to 
determine the maximum allowable per cent bentonite that 
could be used in any cement at any depth. Fig. 3 is a geo- 
graphical presentation of these data. 
(3) Pumping Time — Stirring time tests conducted on the 
high pressure Stanolind Pressure Thickening Time Tester 
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(API Code 32, Tentative), a machine which measures the 
consistency and pumping time of cement slurries at pressures 
and temperatures comparable to those encountered at any well 
depth, indicated that the. pumping time of cement slurries 
was neither increased nor decreased by the addition of any 
operable amount (see Fig. 3): of bentonite, if the initial 
consistency. of the slurry containing bentonite was the same 
as a slurry of the same cement with no bentonite. This indi- 
cates that the bentonite, when used as recommended, has little 
or no retarding or accelerating effect on the pumping time 
of cement slurries. 

(4) Porosity and Permeability — The effect of the addition 
of bentonite to cement slurries on the porosity and perme- 
ability of the set cement was determined by adding various 
quantities of bentonite to several cement slurries, allowing 
the’ samples to cure and measuring the porosity and perme- 
ability of the set cement-bentonite samples. It was found that 
both the porosity and permeability of the set cement did 
increase with the addition of bentonite, however, the perme- 
abilities, even with the highest percentages of bentonite, were 
less than one millidarcy. The permeability measurements were 
all made with air as the flowing medium in order to evaluate 
the most severe conditions. It is believed that the permeability 
of this cement to water would be even lower. The porosities 
reached a figure as high as 55 per cent; however, it is believed 
that this factor has no detrimental effect on set cement other 
than to result in a reduction in strength, which characteristic 
was thoroughly investigated. Fig. 4 illustrates the porosity and 
permeability values of a typical bentonite cement. 

With the specific gravity of dry bentonite approximately 
2.7, it is believed that its lightweight producing qualities are 
a result of the ability of the bentonite to absorb large quan- 
tities of water, and it is the addition of this extra water which 
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is directly responsible for reducing slurry weights. The amount 
of water, over and above the volume normally used for mixing 
cement, that should be added to the slurry for the purpose of 
wetting the bentonite is .34 gal per sack of cement per per 
cent bentonite. For example, when using 3 per cent bentonite 
the water-cement ratio should be increased 1.02 gal per sack 
over that normally used for the neat cement. With water- 
cement ratios increased by this factor the lightweight slurries 
should have consistencies approximately equal to the con- 
sistency of the neat cement slurry. 


SUMMARY 
Lightweight bentonite-cement slurries containing up to 12 
per cent bentonite have been tested successfully in the field. 
There have been no unsuccessful jobs contributable to the 
cement and, in some areas, tests indicate that the use of a 
high bentonite-cement is the only method that can be used 
which will insure returns throughout the cementing operation. 


HEAVYWEIGHT CEMENT SLURRIES 
INTRODUCTION 


Recently deeper wells have been requiring heavier muds 
and, consequently, a need is anticipated for heavier cement 
slurries. At present there is only a limited demand for slurries 
heavier than can be obtained with neat cement. The greatest 
application is anticipated in plug back jobs in which 17 lb 
per gallon or heavier mud must be used. In these plug back 
jobs a cement as heavy as mud is desirable in order to elim- 
inate the tendency of the cement to float in the mud. It is 
visualized that, as wells are drilled deeper and deeper, the 
higher formation pressures encountered will require that 
heavier slurries than are obtainable with neat cement be 
required in casing cementing operations in order to eliminate 
the hazard of a blowout during the operation. 


EXPERIMENTAL RESULTS 


The most practicable additive found to date for increasing 
cement slurry weights is barytes ore; however, care must be 
exercised in the selection of the cement to be used with this 
ore because the setting characteristics of many cements are 
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unfavorably affected by the addition of large quantities of 
this ore. A study of Table I will reveal that slurry weights 
and strength development vary widely with different brands 
of cement. It is pointed out that this wide variation is caused 
by the large quantities of ore that are needed, as compared 
with the relatively small quantities of bentonite used in light- 
weight slurries, therefore, the effect of the additive on different 
cements is greatly magnified. Cement “F,” for example, in 
Table I is usable at any depth with 100 per cent ore, while 
Cement “G” can only be used at much greater depths. Cement 
“H,” on the other hand, illustrates a cement to which can be 
added additional weighting material with increasing depth at 
which it is used. 

Pressure has no effect on the weight of this type of heavy 
slurry; furthermore, the pumping time of these slurries is not 
appreciably affected by the addition of the amounts of barytes 
ore shown in Table I. 

The effect of this additive on the porosity and permeability 
of the set cement was determined by the same procedure as 
was used for the bentonite. Again, there was little appreciable 
effect on permeability. The porosity was not as greatly affected 
by the heavyweight additive as it was by the addition ol 
bentonite. Fig. 5 illustrates the porosity and permeability 


results of a typical cement. The other brands of cement tested 
produced ‘similar results and it was concluded that the addi- 
tion of barytes ore up to 100 per cent of the weight of the 
cement would not cause excessive porosity and permeability. 

There have been no field tests with this additive; however, a 
number of experimental plug back tests are planned for the 
future with heavyweight slurries. 


SUMMARY 


In summation, when slurries heavier than a ‘neat cement 
slurry are desired, the weight can be increased to as much 
as 19 lb per gallon by adding up to 100 per cent barytes ore, 
but pilot strength tests should be conducted with the ore and 
brand of cement to be used prior to the job in order to insure 
that the set cement will develop adequate strength. * * * 


Table I— Maximum Slurry Weights 


Max. Slurry % Barytes 
Cement Depth, ft Weight, lb/gal Ore by Vol 
Cement “F” 2,000 18.1 ~ 100 
ss 6,000 18.1 100 
as 10,000 18.1 100 
£ 14,000 18.1 100 
Cement “G” 2,000 se x 
ol 6,000 os a 
8 10,000 x a 
> 14,000 17.4 100 
Cement “H” 2,000 ts a 
i 6,000 17,3 25 
< 10,000 18.5 75 
“ 14,000 19.0 100 


*Cannot be used because of inadequate strength development. 
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